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[.—INTRODUCTION. 


WueN a nerve has suffered complete division the changes that follow 
can be worked out clinically and experimentally with considerable pre- 
cision. This was the great contribution made during the war of 1914-18, 
when the number of nerve divisions was so great that a proper under- 
standing of this type of injury became of urgent importance. But it has 
long been known that there are other less severe types of damage which 
show a tendency to recover spontaneously, and at first sight the picture 
presented by them is one of bewildering complexity. Nevertheless, most 
of them fall into well-defined groups, some of which form the subject of 
this paper. 

The clinical manifestations of damage to a peripheral nerve may be 
considered under two headings: 


(1) Those due to loss of function : — 

Efferent.—Paralysis of muscles, sudomotor paralysis, pilomotor 
paralysis, vasomotor paralysis. 

A fferent.—Loss of tactile sensibility, loss of pain sensibility, loss of 
thermal sensibility, loss of vibration and postural sensibility. 
loss of deep pain and pressure sensibility. 

(2) Those due to perversions of function : — 

Efferent.—Muscle_ twitching (fasciculation), muscle spasm, 
abnormal sweating, vasomotor disturbances. 

Afferent.—Paresthesie, phantom sensations, apparently spon- 
taneous pain, and pain quite outside the range of normal 
experience; abnormal responses to heat and cold. 

In current experience there is no question that in frequency and 
importance the first group of phenomena far outweighs the second, and 
it is chiefly with loss of function that this classification is concerned. 

The earliest organized study of nerve injuries, undertaken by Weir 
Mitchell, Morehouse, and Keen (1864), and reported in more detail by 
Weir Mitchell (1872), laid about equal emphasis on both kinds of disturb- 
ance of function, and it is to them that we are indebted for the first clear 
picture of causalgia. However, the impression gained from study of the 
writings of the war of 1914-18 is that the balance had changed; paralytic 
phenomena were more frequent than those which are commonly called 
irritative. So far as our experience goes in the present war, irritative 
phenomena are seen even less frequently than in 1914-18, but it is neces- 
sary to point out that many of the injuries now under observation are of 
the closed type and in no way different from those encountered in civil 
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practice; and it is well known that irritative lesions are rarely seen 
except after the penetrating wounds of warfare. It is tempting, but 
irrelevant, to speculate on the possible causes for this change, and it is 
mentioned only to explain why the classification deals solely with lesions 
producing loss of function. Few nerve injuries are followed by irritative 
phenomena, and the nature of these changes is most imperfectly under- 
stood. Yet almost every patient with irritative symptoms and signs has 
a structural lesion of some kind, and we have not yet satisfied ourselves 
that in this respect even the most severe case of causalgia behaves 
differently from the much more common case of simple paralysis or 
paresis. If the paralytic manifestations can be analysed satisfactorily 
then the approach to the much more difficult problem of lesions exhibit- 
ing the epiphenomenon of irritation ought to be considerably simplified. 


I1.—An OUTLINE OF THE CLASSIFICATION. 

Although there is a fairly clear understanding among clinicians and 
experimental workers about the sequence of events following complete 
anatomical division of a peripheral nerve, there is considerable confusion 
when we come to examine those numerous cases in which function is lost 
although anatomical continuity is apparently preserved. No clear dis- 
tinction has been drawn between those lesions in continuity that are 
followed by complete peripheral degeneration and those in which the rate 
of recovery is so rapid that peripheral degeneration could not possibly 
have occurred. The well known term “physiological interruption” con- 
jures up no clear pathological picture; and it is misleading in that the 
changes in structure are often almost as striking as those following division. 
Similarly, the terms “concussion,” “compression,” and “contusion” are 
equally vague for although they give a hint as to the cause, they do not 
describe the effect of the injury on the nerve itself. 

At the outset it was found not only convenient but necessary to employ 
a classification as a guide in clinical work, and the names at first given 
rather hastily to the three common types of nerve lesion were as follows : — 

(1) Complete anatomical division of a nerve. 

(2) A “lesion in continuity,” in which more or less of the supporting 
structure of the nerve is preserved but there is, nevertheless, such disturb- 
ance of the nerve fibres that true Wallerian degeneration occurs peri- 
pherally. 

(3) “Transient block.” A minimal lesion producing paralysis that 
is incomplete more often than not; it is unaccompanied by peripheral 


degeneration, and _ recovers rapidly and completely. 
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In April 1941 Professor Henry Cohen suggested three new terms which 
are not only more concise but more accurate, and they will be used 
throughout this paper. They have proved useful to a number of workers, 
in both clinical and experimental investigations. 

(1) Neurotmesis (rujow, a “cutting,” which implies a separation 
of related parts) describes the state of a nerve in which all essential 
structures have been sundered. There is not necessarily an obvious 
anatomical gap in the nerve; indeed, the epineural sheath may appear to 
be in continuity, although the rest of the nerve at the site of damage has 
been completely replaced by fibrous tissue (fig. 1). But the effect is the 
same as if anatomical continuity had been lost. Neurotmesis is therefore 
of wider applicability than division. 

(2) Axonotmesis.—Here the essential lesion is damage to the nerve fibres 
of such severity that complete peripheral degeneration follows: and yet 
the epineurium and more intimate supporting structures of the nerve 
have been so little disturbed that the internal architecture is fairly well 
preserved. Recovery is spontaneous, and of good quality, because the 
regenerating fibres are guided into their proper paths by their intact 
sheaths. 

(3) Neurapraxia (arpa€ia_non-action) is used to describe those cases 
in which paralysis occurs in the absence of peripheral degeneration. It is 
more accurate than transient block in that the paralysis is often of con- 
siderable duration, though recovery always occurs in a shorter time than 
would be required after complete Wallerian degeneration; it is invariably 
complete. 

This conception of nerve injuries has proved of value clinically, and 
harmonizes well with such pathological and experimental evidence as is 
available. Neurotmesis is an entity: it is a total lesion. In clinical work, 
the existence of axonotmesis can only be surmised, although experiment- 
ally it is as well-defined as neurotmesis. The same is true of neurapraxia. 

The ideal description of a pathological state should embrace the 
morphological changes, all the resulting phenomena of disturbance of 
function (many of which are manifest clinically as the symptoms and 
signs of the disorder), and the process of recovery. In the case of neuro- 
tmesis this ideal has almost been reached. Axonotmesis is emerging with 
almost equal clarity; neurapraxia is as yet insecure morphologically. 
Neurotmesis will therefore be described first in terms of structural changes; 
axonotmesis and neurapraxia, on the other hand, primarily as clinical 
conditions. 

One other difficulty must be mentioned. Much of the work of 
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physiologists has been directed towards elucidating the properties of the 
isolated nerve fibre, or of fibres belonging to one group. Damage to a 
nerve is the sum of the damage to its component fibres, and it is, there- 
fore, helpful to have exact knowledge of the responses of isolated fibres 
to different types of injury. But however far such analysis may be pursued 
experimentally, one can see little hope of such refinement in clinical 
work, for it is the changes seen clinically and at operation that provide us 
with the material out of which a classification of disorders has to be 
fashioned. This sets a strict limit to the scope of this analysis, and it 
must constantly be borne in mind that we are concerned chiefly with 
damage to a nerve as a whole. 

For clinical purposes a classification should be concerned with the 
effect of the injury rather than with the cause, and as Table I shows, the 
three main types of nerve lesion may be caused by a great variety of 
injuries; furthermore, the same sort of injury may produce any one of 
the three distinctive lesions, depending on the particular disturbance of 
the nerve. It will be noted that a number of etiological factors are men- 
tioned which might not be regarded as traumatic in the usual sense: for 
example, freezing, and local poisoning with sulphapyridine or one of its 
congeners. The reason for this is that lesions produced by such agents 
are in essence no different from those resulting from mechanical violence; 
hence, to keep them separate would, on pathological grounds, be quite 


artificial. 


TABLE |[.—AZTIOLOGY OF NERVE LESIONS. 
Neurotmesis Axonotmesis Neurapraxia 
1. OPEN WOUNDS. 1. Open wounds 1. OPEN WOUNDS. 
2. Direct blunt in 2. DIRECT BLUNT IN- 2. Direct blunt in 
juries JURIES F rac- juries 
tures and dislo- 
cations) 
3. TRACTION 3. Traction 3. ‘Tractioi 
4. COMPRESSION 4. COMPRESSION 
sudden or. pro- 
longed 
4. Local chemical 5. Local chemical 5. Certain drugs 
poisoning sul- poisoning 
phapyridine 
6. Freezing 6. Freezing 
7. Experimental 7. Experimental 
crushin; compression 


Nevertheless there are two types of injury that may be in a separate 
class; namely, those due to traction and massive ischemia. The lesions 
we are about to consider in detail are all well localized: the central and 
peripheral changes in the nerve are explicable as the result of the damage 
sustained by a comparatively small segment. But mechanical violence 
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applied in the length of a nerve rather than at right angles to it produces 
a lesion that is not circumscribed: indeed more than half the length 
of the nerve concerned may show signs of damage (Sanders and Seddon: 
unpublished work). This state of affairs is so different from that seen after 
more localized injury that it is not certain that the pathological and 
clinical behaviour of the nerve can always be interpreted as manifestations 
of neurotmesis, axonotmesis, or neurapraxia. In many cases the behaviour 
of the lesion seems to be the same, and hence traction has been included 
in the list of zxtiological factors: but I would prefer to omit discussion of 
traction lesions until more is known about them. 

Massive ischemia of a nerve, such as is seen in Volkmann’s paralysis, 
resembles a traction lesion in the extent of primary damage, and the same 
difficulties arise in interpretation of the clinical and pathological changes 


that have been observed. 


I1].—Metuops or INVESTIGATION. 


(1) Anatomical Approach. 

After complete division, or even partial division, the naked-eye and 
histological examination of lesions is of great value. But in lesions that 
show a tendency to spontaneouss recovery, inspection and palpation of the 
exposed nerve, and electrical testing—percutaneous or direct—do not 
carry the investigator very far, and histological examination, which 
requires excision of the lesion, is inadmissible. Lesions of a kind that show 
spontaneous recovery can be produced experimentally in animals and in 
human volunteers, and in them much may be gained from histological 
and other methods of investigation. However, it does not necessarily 
follow that these experimental injuries are comparable with those encoun- 
tered in clinical practice; and in any case it is notoriously difficult to 
compare the clinical behaviour of a patient who has suffered injury to 
a nerve with that of an animal, which lacks the ability to respond informa- 


tively to more than the crudest clinical tests. 


(2) A&tiological Approach. 

Traumatic agents of a certain type tend to produce one kind of nerve 
injury rather than another, and such terms as traction lesion, compression, 
contusion, and concussion of a nerve, and tourniquet paralysis, have 
become established in current medical parlance. Their value is question- 
able, since one type of injury does not invariably produce the same kind 
of nerve lesion, and, with the possible exception of traction and ischemic 
lesions, the use of these terms is no longer desirable. 
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(3) Clinical Approach. 

Here the difficulties are even more formidable. If a nerve subserves 
only one function (e.g. a motor nerve) and there is only one kind 
of nerve damage (e.g. division), there will be two possible clinical syn- 
dromes; those of complete and incomplete division. If there are two 
types of lesion, then, theoretically, there are six possible syndromes : — 

Complete lestons.—(1) Neurotmesis; (2) Axonotmesis. Seddon (1942). 

Partial lesions.—(3) Neurotmesis in part of the nerve, other fibres being 
intact; (+) Axonotmesis in part of the nerve, other fibres being intact. 

Mixed lesions—(5) Neurotmesis, Axonotmesis; (6) Neurotmesis, 
Axonotmesis, Intact fibres. 

If, as there is reason to believe, there are three chief types of lesion (there 
may be more) the number of possibilities rises to thirteen, and this in a 
nerve containing fibres all of one type. But a mixed nerve contains fibres 
subserving ten well-recognized functions, and the result of a partial or 
mixed lesion might well be such as to defy analysis. 

Fortunately, the syndromes actually encountered are not quite so 
numerous as those that can be predicted from theoretical considerations. 
Nevertheless, to expect an easy answer is to underestimate the complexity 
of the problem; and any simple classification supposed to predict the 
course of events in every case would stand condemned by its very sim- 
plicity. In many instances, the analysis of a case must be retrospective; 
often it cannot be made until time has been allowed for spontaneous 
recovery to take place. 

Hence it follows that the material on which a primary classification is 
based must be selected. If it is possible to define, say, three basic types of 
lesion, then with the aid of this knowledge the partial and mixed lesions 
may be analysed. If most of the partial lesions can be explained in terms 
of A, B, and C (with, in some cases, an admixture of normal fibres) the 


classification is probably sound. 


(4) Experimental Approach. 


When the clinical classification has been completed, and the behaviour 
of a lesion, both immediate and during recovery, is fairly clear, it is then 
instructive to compare the results of clinical with those of experimental 
observation. If there is good correspondence it may be safe to infer that 
certain lesions occurring in man are similar to those produced experiment- 
ally and so accessible to the most direct methods of examination. 
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IV.—MateERIAL. 


Over 900 cases have been under our care, and about 650 have been 
studied in the course of this analysis; however, tabulation of cases will not 


be pursued beyond their relevance to the discussion. 


V.—NEUROTMESIS. 


—— ~ 


(1) Atiology. 


TABLE II. 
Penetrating wounds, including gun-shot injuries 67 
Incised wounds : : 3( 
Lacerated wounds ; ; ; 13 
Closed fractures (humerus . 2 
Uncertain : 1 


Total 113 
Of these ninety-five were explored by us (there were seventy-six sutures) 
and in each case the nature of the lesion was determined with certainty. 
The remaining cases were operated on elsewhere, and the records were 
satisfactory. 
It is clear that open wounds are by far the most common ‘cause of 


neurotmesis. 


(2) Histological Changes.' 


(a) Central_—The most striking central change is a retrograde degener- 
ation which may extend up from the actual point of division for one, 
two or, occasionally, more centimetres. Its extent depends on the type 
and violence of the injury. It is also possible that the presence or absence 
of infection has some influence on the extent of retrograde degeneration; 
it is hoped to investigate this question later. The histological relics of 
this retrograde change persist for many months afterwards: within the 
zone where retrograde degeneration was present there remains an increase 
in the number of Schwann cells, and for a considerable time the newly- 
formed fibres are smaller and more numerous than normal. 

Almost immediately after the injury the axons recover their power 
of growth. On account of the centripetal degeneration the new sprouts 
appear proximal to the actual point of division; a number of them grow 
from each axon and move distally in the tubes formed by the endoneurium 
and neurilemma and containing the Schwann cells. On reaching the cut 


surface, where they run into the scar, the new fibres criss-cross in hap- 


! A detailed description of the histological changes, together with those found 
in axonotmesis, will appear elsewhere (Young and Seddon, unpublished work). 
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hazard fashion; but on the whole their direction of growth is still centri- 
fugal. A few grow out laterally and wander away from the nerve trunk. 
Their presence is betrayed clinically by the tenderness that may sometimes 
be elicited by pressure over the central stump; at operations performed 
under local anesthesia, by the pain resulting from division of scar tissue 
round the central stump; and by histological examination it is usually 
possible to demonstrate small new fibres in the epineural scar. This great 
multiplication of nerve fibres, together with scar tissue spreading upwards 
from the point of division into the substance of the nerve, and the 
thickening of the epineurium, produce the characteristic neuroma fre- 
quently found at operation and sometimes palpable clinically (figs. 2 and 3). 

(b) The point of division.—In only six cases have we seen a lesion 
sufficiently early to observe the haematoma that forms at the point of 
division. It is rapidly converted into fibrous tissue. The amount of scar 
that is formed between the central and peripheral stumps varies enor- 
mously; it may be nothing more than a small connecting strand, it may be 
so great as completely to obscure them. It is this scar, as well as the lack 
of apposition, that is the great barrier to spontaneous recovery. 

(c) Peripheral stump.—The changes characteristic of Wallerian de- 
generation are so well known that a detailed description of them is 
unnecessary. But it is important to mention the great proliferation of 
Schwann cells at the cut surface. This mass of cells, called a glioma, is 
often half as big again in diameter as the peripheral stump itself; but it 
is not invariably present. The general direction of growth of the Schwann 
cells is towards the central stump. It is agreed that the presence of these 
cells is necessary for the complete regeneration of nerve fibres, and if 
regeneration is to be regular the columns of Schwann cells must also be 
arranged regularly; the lack of apposition and the intervening scar pre- 
vent regeneration because they do not permit the Schwann outgrowth to 
make effective and orderly contact with the growing axons in the central 
stump. 

In lesions of more than a few months’ duration a certain number of new 
fibres will always be found in the peripheral stump, those that by chance 
have managed to find a way through the scar tissue at the site of injury: 
this has some importance clinically, as will be explained later. 

As a result of absorption of the degenerate axis cylinders and myelin 
sheaths there is a general shrinkage of the peripheral stump which is 
not counterbalanced by proliferation of the Schwann cells, and this 
shrinkage is often of sufficient degree to embarrass the surgeon attempting 
surgical repair of a severed nerve. 
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Where the lesion is more than a few weeks old the clinician may be 
puzzled by one or other of the following clinical findings: 

(a) A positive Tinel’s sign—It has already been mentioned that in 
most cases of neurotmesis of some months’ standing a few fibres manage 
to make their way into the peripheral stump. Indeed, as Cajal (1928) and 
Holmes and Young (1942) found experimentally, and as we have found in 
our human histological material, it is quite exceptional not to find them. 
These fibres are capable of responding to mechanical or electrical stimula- 
tion of the peripheral trunk: but, as Stookey (1919) has shown so clearly, 
this positive Tinel’s sign is no indication whatever that the lesion is incom- 
plete, and by itself should not be accepted as a contra-indication to 
exploration. 

(b) The zone of sensory loss and sudomotor paralysis may be much 
smaller than is expected. This may be due to one of two things or to a 
combination of both. The autonomous zone may be very small; Head and 
Sherren (1905) illustrate many examples of small areas of sensory loss, and 
we have recorded a number ourselves. But in a lesion of some months’ 
standing there may have been an actual shrinkage of the autonomous zone, 
the result not of partial regeneration but of circumferential encroachment 
by fibres from the surrounding normal nerves. This phenomenon of 
shrinkage in the absence of regeneration was first described by Pollock 
(1920), and has recently been investigated experimentally by Weddell, 
Guttmann and Gutmann (1941). There is no doubt whatever that it 
occurs in man: we have seen it in a number of cases where permanent 
denervation resulted from excision of a length of a cutaneous nerve for 
autografting. Any uncertainty resulting from finding a suspiciously 
small sensory field may be dispelled in either case by blocking the nerve 
proximally with a local anesthetic (Highet, 1942) and repeating the sen- 
sory examination and the sweating test. 

(5) Regeneration. 

Spontaneous regeneration can and does occur though it is rare and 
always very imperfect; reference to it will be made in discussing axonot- 
mesis. 

VI.—AxonorMEsIs. 
(1) Atiology. 


TABLE ITI. 


Open wounds without fracture AF - re daa 11 
War wounds with fracture me ses a a a 14 
Open fractures -~ wats ead sia aa ose re 3 
Closed fractures, dislocations and fracture-dislocations ... 35 
Various forms of compression ... i. bas ‘as ned 15 
Hzematoma due to hemophilia ... x as ae ies 3 

Total 81 
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(3) Gross Changes. 

The typical gross lesion that develops after neurotmesis due to 
division is a central neuroma connected by more or less scar tissue with the 
peripheral glioma; in its simplest form (fig. 3) it looks like a dumb-bell. 
This appearance may be completely obscured by the presence of scar 
tissue and is then revealed only in sections cut longitudinally. | When 
neurotmesis is due to other causes, the nerve may appear normal or present 
a fusiform swelling (fig. 1); on palpation, one can almost always detect the 


scar that is preventing regeneration. 


(4) Clinical Manifestations. 

(a) At the site of the lesion.—lIt is often possible to feel a neuroma 
through the skin, but in only a few cases has the peripheral glioma been 
palpable. The presence of a firm, rubbery and, in some cases, tender 
swelling in the course of a nerve trunk is a certain indication of a nerve 
lesion and generally means that there has been complete or partial 
division; but even the largest neuroma (one was 3 cm. in diameter) will 
not be palpable unless it is fairly superficial. 

(b) In the distribution of the nerve the full syndrome of interruption 
will be found. 

Motor: There is paralysis and wasting of all muscles innervated below 
the level of the lesion and the reaction of degeneration is found, usually 
after the second week. Within the zone of sensory disturbance will be 
found sudomotor paralysis (readily demonstrated by Guttmann’s (1940) 
method), vasomotor paralysis and, of less importance clinically, pilomotor 
paralysis. 

Sensory: Anzsthesia, analgesia and therm-anesthesia are found 
within the cutaneous areas supplied exclusively by branches arising from 
the affected nerve below the lesion, i.e. the autonomous zones. If a nerve 
has no autonomous zone, e.g. the anterior or posterior division of the 
medial cutaneous nerve of the forearm, then neurotmesis can exist 
without producing complete loss of sensibility anywhere within the area 
of distribution of the damaged nerve, though there will be an appreciable 
diminution. The various forms of deep sensibility," deep pressure, deep 
pressure pain, postural sense, and vibration sense are lost within a very 
much smaller zone than that of autonomous cutaneous supply, e.g. in 
complete ulnar nerve lesions, deep sensibility is lost only in the distal 
half or third of the little finger. 


' The term is used in the sense given to it by Head and Sherren (Brain, 1905, 28, 
116, Chapter 8). 
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escaping damage—spontaneous regeneration could still be confidently 
expected. Even if the nerve is completely divided, regeneration without 
suture is possible, provided that there is little or no separation of the 
stumps. 

Rud., 22.3.37: Excision of elbow joint for tuberculous disease with widespread 
secondary infection. In the course of opening up the joint the ulnar nerve, which 
was swollen and softened, came asunder; it was not cut. Since there was severe 
infection, no attempt was made to suture the nerve but the ends were laid in close 
apposition and probably remained so since the elbow was immobilized in plaster 
forthwith. 

Examination carried out on 2.6.41 showed recovery in the interossei and adductor 
pollicis; the patient was an enthusiastic pianist and had managed to recover some 
degree of independent movement. No recovery of cutaneous sensibility, although 
postural sensibility was little short of normal; vibration sense normal, and deep 
pressure and pressure pain appreciated everywhere, 

Gutmann and Sanders (1942) have shown that in rabbits some degree 
of recovery can occur even if there is an appreciable gap. But the quality 
of recovery, as in the clinical case just described, is very poor; whereas in 
axonotmesis it is remarkably good, so much so that any suggestion that 
axonotmesis is merely division of a nerve without separation of the stumps 
may be dismissed without hesitation. 

It is the quality of recovery that is of prime importance, and which 
must be discussed in detail. 

After axonotmesis muscles regain their power and volume fairly 
rapidly (i.e. in a month or two less than would be expected after an 
exceptionally favourable suture of a nerve at the same level) and sometimes 
completely, and there is an early reappearance of synergic and independent 
movements. Sensory recovery, too, is excellent, and that most delicate 
test of high-grade recovery, two-point discrimination, often shows that 
the return of sensibility is apparently perfect. In this respect the difference 
between recovery after axonotmesis and recovery after suture is very 
striking, since in the latter perfect restoration of function is so exceptional 
that reports of it must be received with great caution. Indeed, after suture 
of the median nerve, full recovery of tactile sensibility is said never to 
occur; we have not seen it in any of our own cases, nor in such old-standing 
cases as we have been able to examine. Similarly, recovery of fine move- 
ments of the fingers does not occur after ulnar nerve suture; it was not 
present in patients seen eight, nine, and twenty-seven years after operation. 

Return of cutaneous sensibility after suture and after axonotmesis.— 
After a successful suture cutaneous sensibility slowly returns. As Head, 
Rivers, and Sherren (1905) pointed out, pain sensibility returns first and 
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(2) Clinical Manifestations. 

The clinical characteristics of axonotmesis are easily described; the 
patient suffers a nerve injury which produces a paralysis in no way 
distinguishable from that resulting from neurotmesis; it is in every sense 
complete. On the motor side all muscles supplied by the damaged nerve 
are paralysed, they waste and degenerate; the completeness of the degener- 
ation has been confirmed by electromyography. There is sudomotor and 
vasomotor paralysis. On the sensory side all forms of cutaneous sensi- 
bility are lost within the autonomous distribution of the damaged nerve. 
Deep sensibility is lost as in neurotmesis. But recovery is spontaneous; 
it is slow, though usually not so slow as after suture of a divided nerve: 
and it progresses anatomically, recovery occurring first proximally, then 
spreading in an orderly fashion towards the periphery, generally accord- 
ing to the order of origin of branches. The quality of recovery is excellent, 
usually perfect. 

This type of nerve damage, as Table III shows, may be produced in a 
variety of ways; but blunt injury takes first place. If fractures due to 
penetrating wounds are included, which is not unreasonable, 86 per cent. 
of cases of axonotmesis are attributable to some form of compression; 
generally sudden, but occasionally, as after the application of a tourniquet 
or from hematoma formation in hemophilia, more or less prolonged. 
From consideration of the injury alone it is not always possible to exclude 
traction as the damaging force, but the strict localization of the lesion in 
the few cases that have been explored is in striking contrast with the great 
longitudinal extent of the damage in those where there was no doubt that 
traction was the responsible agent. However, traction can produce 
axonotmesis, though for reasons given elsewhere (p. 242) this type of 
violence merits separate consideration, and will not be discussed here. 
Penetrating wounds without bony damage account for only 14 per cent. 
of cases of pure axonotmesis. This is not surprising since nerve damage 
resulting from an open wound is more likely to be in the nature of actual 
severance of bundles, or, if a high velocity projectile has passed close to 
the nerve, of serious internal disruption of its substance. Occasionally the 
local damage is sufficient to produce a palpable swelling of the nerve (an 
almost constant feature in one variety of axonotmesis, traumatic ulnar 
neuritis) and at exploration a fusiform swelling may be discovered. 

Now although spontaneous recovery is a feature of axonotmesis that 
commends itself strongly to both patient and clinician, its significance 
must not be over-rated. If axonotmesis were nothing more than division 
of a nerve without separation of the stumps—the epineurium, perhaps. 
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there is a long interval before there is any appreciable diminution in the 
area of anesthesia (fig. +). However, restoration of pain and touch sensi- 


\ 
\(. \f 
60days after » oe 125 daus (\ 146days 
Suture 4 
, = 
{ 





Day before } 
J] Operation 





jr 


ay 


Ce 


22idays 





Fic. 4.—Sensory recovery after suture of median nerve. Tracings from 
photographs (N.B.—There are several small discrepancies); ——limit of anzs- 
thesia; - --- limit of analgesia; injury (at wrist), 1.11.40; suture, 17.1.41; two-point 
discrimination still very poor (>2 cm. at finger tips) in June, 1943; recovery of 


sweating not shown. 


bility may ultimately be found throughout the whole area.' At first sight 
this is most gratifying, yet the patient complains that sensibility is still 
defective and often abnormal—especially as regards pain; and more 
detailed examination reveals two significant deficiencies. Tactile localiza- 
tion is faulty, and a stimulus applied at one point may be referred by the 
patient to another. Defective discrimination is revealed by the compass 


‘The stimulators used throughout this work were: for touch, | gm. von Frey 
hair; for pain, a fine sharp surgical needle pushed in to the depth required to evoke 
a painful response on the normal side. As Trotter pointed out, for strictly 
quantitative work these stimuli cannot be regarded as comparable, since the first is 
constant whereas the second is bound to be variable. However, in comparing sen- 
sory recovery after suture with that occurring after axonotmesis we are not concerned 
with absolute values, but with differences in the pattern of recovery which are so 
considerable that they would be revealed by any system of sensory testing that gives 
(as does ours) fairly consistent results in the hands of different observers of oe 
equal competence. There are discrepancies here and there (see fig. 4), but they 
are quite trivial. 
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test; when two stimuli are applied to the skin simultaneously they cannot 
be recognized as such unless the gap between them is considerable. At 
the finger tips the normal gap for two-point discrimination is 
1:5 to 2:5 mm. whereas it is not unusual to find a gap of 10 to 25 mm. 
after suture of the median (or ulnar) nerve. The improvement in two-point 
discrimination is very slow, so much so that readings of 10 to 15 mm. may 
still be found five, ten, or more years after suture. The patient is unable 
to discriminate between surfaces of varying texture and his ability to 
identify and handle small objects is very limited. This state of affairs 
is so constant as to be regarded as inevitable; the only case of median nerve 
suture that we have seen in which two-point discrimination fell to as little 
as 5 mm. was in a child of 8 (at 4 years and 4 months after suture). 

The return of sensibility after axonotmesis is much more rapid and 
complete, as is shown in the following case. 

On 25.7.42, a surgeon in the Royal Air Force, aged 41, was struck on the 
dorsum of the left hand by a cricket ball; he was batting at the time and the palm 
of the hand was forced against the handle of the cricket bat. There was immediate 
median paralysis, agonising pain in the distribution of the median nerve and, 
two hours later, swelling in the palm which subsequently extended proximal to 
the carpal tunnel. Nothing apart from anzsthetization of the median nerve with 
procaine gave him any relief; the pain recurred and was so severe that the hand 
was explored two days later by Mr. Watson-Jones. Several bleeding points were 
found and ligated; a hzmatoma filled the tendon sheaths and infiltrated the 
lumbrical muscles, but the median nerve itself appeared undamaged. The pain 
was relieved and the wound healed normally. 

When he was examined on 31.8.42 there was complete median paralysis. 
Excepting part of flexor pollicis brevis the thenar muscles were paralysed and 
showed R.D.; F.P.B. received part of its innervation from the ulnar nerve as was 
proved by direct ulnar stimulation. Loss of sensibility was complete and there 
was total median anhidrosis, 

Six detailed examinations were carried out between September and December 
and sensibility recovered as shown in fig. 5; with it there was recovery in the thenar 


1Oldays 


Fic. 5.—Sensory recovery, after median axonotmesis. Tracings from photo- 
graphs; ——limit of anesthesia; ---- limit of analgesia; T.D. = normal two- 
point discrimination. Injury (just distal to wrist), 25.7.42; two-point discrimination 
normal by late November 1942; recovery of sweating not shown. 
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injured. It was, of course, quite impossible to tell which pellet wound had produced 
which injury, and one could only make a rough guess from the neurological] findings 
as to the level of injury. Since it is the behaviour of the motor fibres in the ulnar 
nerve that is of special interest, only this aspect of the case will be described. There 
was complete paralysis of all the ulnar intrinsics, with reaction of degeneration, con- 
firmed later by finding fibrillation (electro-myographically) in all the muscles. There 
was anesthesia over the whole distribution of the ulnar nerve, but analgesia was 
confined to the volar surface of the distal two phalanges of the 5th digit and the 
ulnar half of the 4th digit, and, on the dorsum, all three phalanges of the 5th digit 
and the ulnar border of the dorsum of the hand. It was, therefore, possible that 
part at least of the ulnar nerve was intact, since the loss of pain sensibility was 
much smaller than normal. There was compfete anhidrosis in the distribution of 
the ulnar nerve. 

The ulnar and median lesions were explored on 12.8.42. The dorsal cutaneous 
branch of the ulnar nerve was found arising 6 cm. proximal to the pisiform. Between 
12 cm. and 15 cm. above the pisiform the nerve was involved in scar tissue especially 
on its lateral (radial) side. After reflection of the scar tissue the nerve sheath was 
found to be rough and thickened. There was no zone of thickening in the nerve 
itself; there was, however, a slight marginal bulge on the antero-lateral surface which 
might have been a minute lateral neuroma. Faradic stimulation was entirely 
negative. 

Signs of recovery appeared towards the end of September; on the 28th there 
was some action in the hypothenar muscles and in the interossei controlling the 4th 
and 5th digits. By December there was good power in all the interossei and with 
it the most remarkable return of independent movement. There was no doubt that 
the power of individual movement of the digits was limited only by the residual 
weakness of the muscles; a state of affairs quite unlike that seen after ulnar nerve 
suture. Subsequent examinations, the last made on 27.7.43, showed that the increase 
in power of the interossei, and their ability to carry out isolated movements, were 
advancing together. (On the sensory side, in both median and ulnar areas, return 
of touch and pain sensibility was as described in the case of median axonotmesis 
(p. 251). By 15.6.43 two-point discrimination had returned to normal in both areas.) 


These are typical examples of the completeness of recovery, both sen- 
sory and motor, which can occur after lesions in continuity of such 
severity as to produce all the accepted signs of complete peripheral 
degeneration. This complete restoration of function is in striking con- 
trast with that found after nerve suture; it is even more impressive to 
find evidence of this high-grade function at a time when sensory recovery 
may be still incomplete peripherally, and when muscle power is still 
short of normal. 

What are the factors that might account for this difference? 
(a) Infection—As Table II shows, most cases of neurotmesis occur with 
open wounds; and in a great number infection is present in the early days, 
generally in the region where the nerve is divided. It is conceivable that 
infection, entering at the cut surfaces of the nerve, might spread up and 
down for a considerable distance and so impair permanently the power 
of regeneration. This condition, so far as it affects the central stump, 


BRAIN—VOL. LXVI. 18 





































252 H. J. SEDDON 


muscles, but return of sweating was delayed. The remarkable feature was the return 
of two-point discrimination proximally as early as 3.11.42 when, as will be seen 
from the diagram, there was still anzsthesia of the tips of the second and third 
digits. At subsequent examinations it was found that this return of fine discrimi- 
nation followed close behind the return of coarse sensibility, and on 17.12.42 the 
patient said that he had recently been called on to do an emergency operation and 
found to his surprise that he could tie surgical knots with ease. Sensibility was 
normal subjectively as well as objectively. 

Motor recovery after suture and after axonotmesis.—The best motor 
recovery after suture is seen after early repair of the radial nerve, and this 
is usually attributed to the fact that the radial nerve is almost entirely 
motor. Ultimately, voluntary power is often little short of normal, but 
synergic and independent movements are regained only with difficulty and 
long after muscle power has reached a maximum. Although the recovery 
of these movements is sometimes quite striking, it should not be forgotten 
that the functions subserved by the extensors of the wrists and fingers are 
not delicate, and when we come to examine the results of ulnar suture 
the findings are less encouraging. Usually this is attributable to the 
mixing of motor and sensory fibres, but after separate suture of the motor 
division (six cases, five followed until recovery was apparently stationary) 
restoration of the fine movements for which the interossei are responsible 
has been so poor that it seems doubtful whether it will ever return to 
normal. 

One may summarize the findings in motor recovery after nerve suture 
by saying that delicate independent and synergic movements never return, 
though there may be a late and _ tolerably good restoration of these 
functions in muscles responsible only for gross movements. 

By contrast, synergic and independent movements return at a com- 
paratively early date after axonotmesis, often before the muscles con- 
cerned have regained their full power. 

On 25.10.41, a test pilot was involved in a flying accident which resulted, among 
other things, in a closed fracture of the left humerus and complete paralysis of the 
radial nerve. He came under observation on 17.2.42, at which time the humerus 
was well united, but the radial palsy was still complete. The muscles showed R.D.; 
sensibility and sweating were absent in the distribution of the dorsal cutaneous nerve 
of the forearm and of the superficial radial nerve. On 19.3.42, a flicker was noted 
in brachioradialis, and after that date recovery proceeded in an orderly fashion and 
ata rate of 1:55 mm.a day. By 24.8.42 synergic contraction of the radial extensors 
and independent extension of the digits were possible, although at this time none 
of the muscles concerned had regained normal power, recovery not being complete 
in the distal muscles until May, 1943. 

A boy aged 14, while out rabbit shooting on 25.5.42, was shot in the left fore- 


arm by a companion. As there were no fewer than 97 scars it was not surprising 
to find that all the three nerves, superficial radial, median, and ulnar, had been 
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TABLE IV. 
Time (months) taken to veach the final 
Distance of lesion stage of vecovery 
from epicondyles of - - 
Patient humerus (cm.) 9-12 12-15 15-18 18°21 21-24 24-27 
RADIAL NERVE 
A xonotmesis 
Cra 15-0 above M5 : S4 
30S 35-5 M5 = $3 
Mog 38-0 M4:S3 
Primary Suture 
Hin 5-0 M3 : S2 
Ri 16-0 M3:S2 
ULNAR NERVE 
Axonotmesis 
Kit about 20-0 above M5: 54 
Pat 15-0 : M4: 54 
Primary Suture 
Hum 25-0 below M3 :S3 
Whe 260 . M3: S2 


M+ indicates a return, not only of good power, but of all synergic 
and independent movements; M5, the state of a muscle that by all clinical 
tests is normal. S4 indicates full return of sensibility including postural 
sense, stereognosis (a form of sensibility that cannot be measured with 
accuracy); and, most important of all, two-point discrimination, a quality 
that can be estimated with fair precision. 

In each case of suture (making ample allowance for possible differ- 
ences in rates of regeneration and. latent periods—see Seddon, Medawar 
and Smith, 1943) the new fibres arrived at their end-organs well before 
the time of arrival in the cases of axonotmesis. Yet in each case of axono- 
tmesis the quality of recovery was better, although the time of arrival 
of fibres in skin and muscle was much later. 

Hence it may be concluded that under the conditions described the 
state of the periphery was not of any significance. 

(c) Disturbance of intraneural topography.—Most nerve sutures are 
secondary operations and, in addition to what has been lost as a result 
of the primary injury, a further length of nerve tissue must be sacrificed 
in order to expose healthy bundles centrally and peripherally. As has 
been shown by many observers Stoffel (1913), Putti (1916), Borchardt and 
Wjasmenski (1917), Langley and Hashimoto (1917), McKinley (1921). 
Foerster (1929), O’Connell (1936), and Kilvington (1940), the topography 
of bundles and even fibres within a nerve trunk is a most complicated 
affair; at certain levels intricate plexuses form, bundles and, ultimately, 
fibres changing position. The balance of evidence is against those who 
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has been described under the name of interstitial fibrosis or ascending 
toxic neuritis (Medical Research Council, 1920; Platt and Bristow, 1924): 
it was also found in one of our cases. However, careful examination 
of much histological material has revealed surprising little evidence 
of damage that might be ascribed to infection: within a centimetre or 
two of the lesion both central and peripheral stumps are as healthy as 
those from uninfected wounds. Furthermore, in 22 out of 61 cases of 
suture that have been followed up to advanced recovery, no sign 
of infection had ever been present: yet the quality and rate of recovery 
in these cases were little better than in those where infection was present. 

(b) Unfavourable degenerative changes in the peripheral stump; in 
sensory and motor endings; and in skin, muscles and joints.—Since regen- 
eration is spontaneous after axonotmesis, the probability is that the pro- 
cess will be well advanced at a time when most cases of neurotmesis 
(secondary repair being much more frequent than primary) are only just 
coming to operative repair, and regeneration is still in prospect. In 
axonotmesis, other things being equal, the new fibres will be arriving at 
their destinations when peripheral degenerative changes are only of 
relatively short standing. It has recently been shown by Holmes and 
Young (1942) that the changes occurring in the peripheral stump after 
section of a nerve become progressively less favourable for regeneration. 
The endoneurium and perineurium become moderately collagenized; the 
power of proliferation of the Schwann cells declines; the number of new 
fibres entering the peripheral stump is less, the longer the duration of the 
degeneration, this being due to a shrinkage of the Schwann columns and 
not to any decline in power of the central stump to put out new fibres. 
Medullation proceeds more slowly and is never as complete as when the 
period of denervation has been short. There are perhaps even more 
serious irreversible changes in motor end-plates and muscle fibres (Gutmann 
and Young, 1944); the changes in sensory end-organs may be of the same 
kind, though they have not been worked out to the same extent. 

Does this explain why recovery after axonotmesis is better than that 
after suture? 

In our series it has been possible to find a number of cases that provide 
an answer to this question. In Table IV recoveries after high axono- 
tmesis are compared with those after low primary suture. We are 
concerned here with the higher grades of recovery. The notation 
indicating grades of recovery is that introduced at the Oxford Centre by 
Highet, and subsequently adopted, after modification, by the Nerve 
Injuries Committee of the Medical Research Council (Highet, 1943). 
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claim that the intraneural pattern is at all constant, although an intra- 
neural plexus is usually to be found just proximal to the origin of lateral 
branches. After excision of a segment of nerve, it is, therefore, practically 
impossible to bring together bundles that correspond precisely, and the 
most perfect technique cannot establish a state in which the majority of 
out-growing fibres will regain their old paths. Moreover, where the injury 
is of some months’ standing the shrinkage of the peripheral stump 
(p. 245) makes accurate suture impossible, since the surfaces to be brought 
together are incongruous. These are undoubtedly the most important 
factors in determining the imperfection of functional recovery after 
secondary suture of a nerve. Yet even after the most favourable primary 
suture, when no nerve tissue has been lost, a similar though lesser degree 
of imperfection is found. It is clear then that the thing that matters is not 
the interruption of axons, which is common to neurotmesis and axono- 
tmesis alike, but the disorganization of other parts of the nerve—the 
connective tissue framework which makes a tube for each nerve fibre. 
There may be gross funicular disturbance, as in secondary suture, or very 
little, as in a well-executed primary operation. But the disorganization 
of the architecture of the nerve is complete in both and its influence is 
decisive. 
(3) Experimental Evidence. 

In view of the good prognosis in axonotmesis it is not justifiable in 
man to exercise the damaged segment of nerve; for histological studies 
of the condition one must rely on lesions produced experimentally. 

A standard method must be used for producing the lesion, and the 
animals examined in two ways. In one group the clinical behaviour is 
observed, special attention being paid to the rate and, even more important, 
the quality of recovery. In the other, the actual nerve lesions are examined 
histologically at various stages of recovery. 

In describing experiments of this kind Cajal (1928, p. 281) wrote 
“Of all the procedures of rapid compression, the simplest and most con- 
venient employed by us is as follows. The sciatic nerve is exposed and 
rapidly squeezed with the tips of a forceps. The forceps must not be too 
fine in order to avoid wounding or cutting the nerve. The animal is 
killed two, three, or more days after the operation. In order easily to 
recognize the compressed region, we put a little carbon black on the tips 
of the forceps. 

“While bringing about curious degenerative acts which we shall 
describe below, this method of traumatic excitation has the inestimable 
advantage of maintaining the normal circulation of the nerve and of 
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leaving uninterrupted the sheaths of Schwann. Thus, in the absence of 
hemorrhage, a wound, and a real scar, one avoids all retardations of 
nervous reunion of the peripheral stump, since the sprouts can immed- 
iately invade the degenerated portion, travelling, as though on rails, 
inside the uninterrupted sheaths of Schwann, and finding nourishment in 
an exceptionally favourable region. Stroebe observed the special speed 
of this kind of regeneration, and he rightly attributed it to the absence 
of a scar and to the continuity of the tubular sheaths.” Langley (1917, 
1918) carried out similar experiments, and noted that the rate of regener- 
ation was faster after crushing than after suture, and that at the site of 
the lesion only one new fibre grew out from each damaged axon. 
Recently, more elaborate experiments have been carried out by J. Z. 
Young and his colleagues. They found, not only that the rate of regener- 
ation, in rabbits, was more rapid after crush injury than after division 
and immediate suture (Gutmann, Guttmann, Medawar and Young, 1942), 
but that functional recovery was also better (Gutmann, 1942: Gutmann 
and Guttmann, 1942). On the sensory side accurate estimates of recovery 
could not, of course, be made: but there seems no doubt that motor 
recovery after suture is always imperfect, whereas that seen after a crush 
lesion is indistinguishable from normal. The correspondence with the 
clinical findings in man is a close one, and hence there is no obvious 
objection to taking a further step, and postulating that the histological 
characteristics of the crush lesion (axonotmesis) are the same as those of 
certain lesions in continuity occurring as a result of accident in man. 
Axonotmesis can readily be produced in rabbits by firm squeezing of 
a nerve with fine smooth-bladed forceps; the operation must be done with 
care since insufficient pressure will result in the escape of a certain number 
of fibres, while undue roughness produces rupture of part of the support- 
ing structures of the nerve. The immediate lesion is of striking appear- 
ance; the central and peripheral parts are united only by a fine ribbon of 
translucent connective tissue. The main substance of the nerve is broken 
and separated by an appreciable interval. Within a few minutes it flows 
together again, and the fine connecting ribbon is filled out so that the 
gap is no longer visible. Similar experiments have been performed in 
man in cases where part of a limb required amputation for some condition 
other than infection or malignant disease. On several occasions patients 
have allowed us to crush or divide a nerve, in the part to be sacrificed, at 
an appropriate interval before the final operation. The histological 
characteristics of the lesions produced in animals and man will be 
described elsewhere by Young and Seddon (unpublished work); therefore 
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only a summary will be given of the findings in the human cases. In two 
the crush was incomplete, although the operator thought that the trauma 
had been adequate; it is clear that considerable force is required to produce 
axonotmesis. In one case the crush was so severe that all the bundles 
were torn and became separated by scar tissue; the lesion was virtually 
a complete division. In the remaining five cases the general pattern of 
the nerve was retained; the axons were completely interrupted and the 
conjugating tissue appeared to consist of collapsed endoneurial tubes. In 
all but one case the lesion had been allowed to proceed to some measure of 
regeneration; there was a noticeable absence of the axonal branching and 
criss-crossing that are always found after suture. As fig. 6 shows, the 
fibres had grown without hindrance into their old paths, exactly as des- 
cribed by Stroebe, Cajal and Langley. 

There are other histological differences between the process of regener- 
ation after suture and that seen after axonotmesis. Fig. 7 shows the state 
of affairs in the peripheral stump after an experiment in which the lateral 
popliteal nerve on one side was crushed so as to produce complete degen- 
eration; while on the other the nerve was divided and reunited immed- 
iately by fibrin suture. At 107 days each Schwann tube on the side of 
the crush contains one good fibre of large diameter and advanced 
myelination. On the sutured side each tube is occupied by a relatively 
poor fibre and at the periphery of the tube there are many tiny fibres 
which, no doubt, come from the numerous sprouts thrown out from the 
regenerating axon at the suture line; myelination is of poor quality. It 
would appear, therefore, that the integrity of the Schwann tube has a 
profound influence on the process of regeneration. It confines the pro- 
toplasmic outflow to one large sprout which rapidly attains considerable 
size and, consequently, a high grade of myelination. Perhaps this may 
account for the difference found by Gutmann ef al. (1942) in the rate 
of regeneration after suture as compared with that after axonotmesis. 
If, as we believe, the process of regeneration is a protoplasmic outflow 
from the central stump (Young, 1942) progress will be faster when the 
flow is confined to one main channel and not dissipated in many separate 
protoplasmic streams. 

(+) Discussion. 

The evidence that has been adduced leads to one conclusion: that the 
lesion in axonotmesis is such that, when regeneration occurs, the fibres 
travel along their old paths. Something has been preserved that prevents 
the confusion at the site of the lesion that is inevitable after suture and, 
as both experimental and clinical evidence suggest. permits rapid and 
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complete maturation of the regenerating fibres. The confusion after 
suture takes two forms; fibres of one kind may grow into tubes leading to 
end-organs of another kind; or a fibre may grow into a Schwann tube of 
the proper kind, but leading to a destination different from the one 
originally served by that particular fibre. In the first instance the new 
axon is wasted; in the second it is functionally misdirected. One result 
of this confusion is an all-round decrease in the population of function- 
ing fibres in the peripheral stump. This is revealed clinically by the 
failure of muscles to return to their normal strength, and by a permanent 
impairment of cutaneous sensibility. Furthermore, confusion within a 
particular fibre population, e.g. motor or touch fibres, is shown by the 
inability of muscles to perform independent movements or to carry out 
synergic movements, and by the well-known phenomenon of referred 
sensation (faulty localization of cutaneous stimuli). This first is seen 
especially after ulnar suture; the latter after median suture, where it 
is not uncommon to find that a stimulus applied to one digit is referred 
by the patient to another. It is the restoration of these functions after 
axonotmesis that suggests so strongly that the pattern of innervation is 
restored during regeneration. 

Clinical application.—However great the theoretical interest of an 
analysis based on past events, the first thought of the clinician encoun- 
tering a patient with a nerve injury is concerned with the future; will 
recovery occur spontaneously, and will it be of good quality? 

The immediate condition of the patient is of little help in differen- 
tiating between neurotmesis and axonotmesis; the difficulty is admirably 
stated by Pollock and Davis (1933) in the following words: “In accord- 
ance with Pitres and A. Benisty, we feel that there is no way by which a 
complete loss of function due to anatomical interruption can be differ- 
entiated from the complete loss of function due to physiological 
interruption produced by compression. From a single examination, at 
a given time, we can determine only whether the loss of function is 
complete or incomplete. If it is complete we cannot tell whether or 
not it is due to anatomical interruption, nor can we predicate whether 
it will recover spontaneously, or will require surgical treatment.” 

Yet the distinction must be made somehow. If every case showing the 
syndrome of complete paralysis is to be explored, many unnecessary 
operations will be performed; on the other hand, if intervention is long 
delayed, the patient’s time may be wasted and, should resection and 
secondary suture prove necessary, the delay will prejudice recovery. 

There are three valuable prognostic aids; consideration of the nature 
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of the injury, estimation of the time at which signs of regeneration are 
to be expected if the process is occurring spontaneously, and the appear- 
ance of the nerve exposed at operation. 

The nature of the injury —Comparison of the data given in Tables II 


and III shows that closed fractures are likely to produce axonotmesis 
rather than neurotmesis, whereas the reverse is the case with open wounds. 
Where a closed fracture has produced complete paralysis the chances as 
estimated from this series are about 20 to | in favour of axonotmesis: 


on the other hand, a gunshot wound causing shattering of a bone may 


well have divided the nerve at the same time. One would not, therefore. a 
| 


explore the nerve with the same alacrity in the first case as in the second. 
In the first the surgeon is justified in being guided by events, and he 
should wait for a certain time to determine whether recovery will occur 
spontaneously. If, say, the humerus is fractured he must wait in any 


case, since exploration should not be performed until there is firm union 





of the fracture, and a good range of movement in the neighbouring joints. 


His doubts are often dispelled by the time the plaster is finally removed. 


—— 


for it may then be found that some of the previously paralysed muscles 


a 


are now working. But it is not always so, and the decision must be made 
as to the length of time that it is proper to wait before exploring the nerve. 

The time that must elapse before signs of spontaneous regeneration can 
be expected.—A proper estimate can only be made if something is known 
about the rate of regeneration of nerves, especially motor nerves. The 
methods employed for determining rates in man have been described else- 
where (Seddon et al., 1943), and the application of this knowledge pres2nts 
no great difficulty. A simple example should suffice. 

A patient has a fracture of the humerus, 12 cm. above the epicondyles. 
with complete radial palsy, and every sign of peripheral degeneration. 
The nerve to brachioradialis, i.e. the first muscle supplied below the level 
of the lesion, enters the muscle 2 cm. above the lateral epicondyle: during 
regeneration the axons must, therefore, travel about 100 mm. before 
entering the brachioradialis. The rate of advance of functional regen- 
eration of motor fibres is about 1-5 mm. a day after axonotmesis in man: 





hence, the shortest possible period that must elapse before any contraction 
is seen in the brachioradialis is about 75 days. This is actually too short. 
for an allowance must be made for the latent period, the delay before the 
process of maturation begins to spread down the nerve. At present there 
is no precise information about this factor, but it is probably wise to add 
40 or 50 days to the calculated time; hence in this case, one would expect 
a flicker in the brachioradialis at about 120 days: its non-appearance would 


be an indication for exploration of the nerve. 
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Thus, the correct time-interval between injury and possible explora- 
tion is derived from knowledge of the level of the lesion, the point of 
entry of the nerve of supply into the most proximal muscle in the 
paralysed group, and of the rate of regeneration. Nevertheless, where the 
distance between the lesion and the most proximal muscle is considerable, 
it is unwise to wait the calculated time. In a high lesion of the tibial 
division of the sciatic nerve, for example, it would take nearly a year 
after an injury causing axonotmesis for the fibres to grow down as far 
as the most proximal muscle, the gastrocnemius. If, at the end of this 
time, there was no recovery, and exploration revealed instead a complete 
division, another year would be required after suture before any return 
of power in the calf muscle could be expected, and recovery in the sole 
of the foot would take yet another year. Meanwhile, irreversible degen- 
erative changes would be occurring peripherally, perhaps of such severity 
as completely to preclude good recovery. 

It is desirable, therefore, to carry out early exploration in almost all 
high lesions that have produced complete paralysis. 

State of the nerve as revealed at operation.—It is not proposed to 
describe the whole of the technique of identification employed in the 
course of exploratory operation, but only those anatomical features of 
the lesion which may be of help in distinguishing neurotmesis from 
axonotmesis. We must consider to what extent the appearance and con- 
sistency of the damaged nerve correspond with the intraneural changes 
upon which the immediate procedure and the ultimate prognosis so 
largely depend. 

The appearances about to be described were found in a series of 
thirty-one cases which, for one reason or another, came to operative 
exploration. They cannot be regarded as a fair sample of cases 
of axonotmesis, since in’ many the exploration was performed because 
recovery had not occurred at the expected time. They are borderline 
cases; with few exceptions the typical cases of axonotmesis have not 
required operative exploration. We are, therefore, considering rather 
lesions in continuity, for they had this one feature in common—that 
there was no obvious break in the nerve trunk. 

Nerves exposed at operation present one or other of four appear- 
ances: (a) The nerve looks and feels normal apart, perhaps, from slight 
thickening of the sheath; (b) the nerve shows a smooth spindle-shaped 
swelling, little if any firmer than normal, a condition that has long been 
known as a fusiform neuroma; (c) the nerve is slightly narrowed or swollen 
but, of much greater significance, contains a patch of induration indicating 
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the presence of scar tissue; (d) a lateral neuroma is present. The last is an 
indication, if paralysis is complete, that certain fibres have suffered neuro- 
tmesis, while those.in the apparently normal part of the nerve have 
probably suffered axonotmesis. It is a mixed. lesion and will not be 
considered further. 

In eleven cases (A, Table V) the nerve showed very little change and, 
except in one (McF.) where there was some distortion of the nerve, and 
in another (McC.) where the nerve appeared normal, recovery was con- 
sistent with a diagnosis of axonotmesis. The small number of cases in 
this group is not surprising, since there is rarely any indication for 
exploration in pure axonotmesis and in some that were explored the 
exposure of the nerve was incidental, the operation having been performed 
primarily for some other reason. 

There were seven cases (B) in which the nerve presented a spindle- 
shaped-swelling—the familiar fusiform neuroma. Recovery occurred 
spontaneously in every case, but in three it was slow and imperfect. 

In eleven cases (C) there was evidence of intraneural fibrosis, and it 
is noteworthy that in nine of them the length of the lesion was consider- 
able, up to +5 cm. In none was there early or perfect recovery and it 
is inadmissible to describe any of them as cases of axonotmesis. These 
lesions represent a state of affairs very little removed from neurotmesis 
or complete division without separation of the stumps. The grade of 
recovery was no better than that observed in the case already described 
(p. 249) where a nerve had been torn across, and the stumps laid together 
without being sutured. 

If we consider all cases in which there was little gross change in the 
nerve, no undue delay in recovery, and where function was restored to 
normal, there are thirteen in which a diagnosis of axonotmesis was 
reasonably accurate. At the other end of the scale are twelve cases of 
intraneural fibrosis where such a diagnosis was clearly incorrect. Between 
these two groups are the cases in which a fusiform neuroma was present, 
their behaviour, both in rate and quality of regeneration, being inter- 
mediate. It is now evident that the term axonotmesis is not tantamount 
to “lesion in continuity.” At one extreme the term is strictly applicable; 
if the nerve is very nearly normal in appearance and consistency, it may 
fairly safely be assumed that the lesion is confined chiefly to the axons, 
which will exhibit spontaneous regeneration along their old paths, lead- 
ing to perfect restoration of function. After this, there is every grade of 
intraneural damage, leading finally to those lesions in which the des- 
truction of the endoneurium and its replacement by irregular fibrous 
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tissue is SO great as to prevent any spontaneous regeneration. This is to 
be expected; for if, as has been shown, a slight technical fault in the 
experimental production of axonotmesis can disrupt bundles and mar the 
uniformity of the lesion, how much greater must be the probability of 
damage being inflicted irregularly when the injuring force is uncontrolled ? 

Hence it is not easy to make a confident diagnosis of axonotmesis. It 
is reasonable to diagnose it when recovery has not been delayed, and when 
restoration of function has been perfect. This, we now know, is likely 
to occur when the gross changes in a nerve are minimal. Where a 
fusiform neuroma is present, the lesion may not be a pure axonotmesis, 
for there may be a widespread intraneural disturbance though not always 
such as to preclude regeneration of good quality. But in one case (Alex.) 
recovery was no better than after a well-executed suture. In another 
(Mic.) the rate of regeneration, 0°7 mm. a day, was unduly slow; and 
although excellent synergic movements returned, isolated movements of 


the digits were imperfect. On extension of the thumb there was a 
and vice versa—evidence 








tendency for the other digits to extend 
suggestive of axonal confusion at the site of the lesion. 

It must be conceded that there is a sort of “no man’s Jand” in this 
group of cases showing lesions in continuity, where the behaviour of 
the lesion will depend upon which type of damage is predominant. This 
conception, so far from being discouraging, is of value clinically. From 
a review of the cases of intraneural fibrosis (Table V), there is now no 
doubt that these patients would have been better off had the lesions been 
treated by resection and suture, that is to say, the lesion was in the 
main a neurotmesis and should have been treated as such. But at the 
time they were explored it was not known how such spontaneous recovery 
as might occur would compare with that obtained after suture. Now, it 
is certain that one ought to intervene in any case where there is obvious 
intraneural fibrosis, and even in the case of a fusiform neuroma (Alex. 
for example) resection ought, perhaps, to be considered if recovery fails 


to take place in the calculated time. 


VII.—NeEwvrapraxia. 
(1) General Description. 


The history of the condition that we have called neurapraxia is a long 
one. For generations, experimental workers have, by various means, 
produced temporary interruption of conductivity in a nerve; by narcotics; 
by asphyxia: by freezing; and, of immediate interest to us, by moderate 
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compression (Waller, 1862: Weir Mitchell, 1872; Liideritz, 1881: Meck 
and Leaper, 1911: Briscoe, 1926; Cattell and Edwards, 1927: Gasser and 


Erlanger, 1929; and Lewis and Pochin, 1937). As a clinical phenomenon. 


a traumatic palsy of comparatively short duration is familiar to everyone: 
whether as a result of instantaneous violence, such as a gunshot wound 
or a fracture, or of more prolonged trauma such as compression by 
crutches or a tourniquet. It might be questioned whether the essential 
nature of the damage is the same after instantaneous injury as it is after 
slow compression; but it is undeniable that the clinical phenomena 
which are very striking—are undoubtedly of the same kind, and until 
evidence to the contrary is forthcoming there is no reason to make any 
subdivision. 

To illustrate the distinguishing features of neurapraxia it will be 
sufficient to record one case in which there was opportunity, not only to 
observe the patient almost from the time of injury, but to inspect and 


stimulate the damaged nerve. 


W. W., a soldier, aged 22, was injured at 2.30 p.m, on 29.3.42. A -22 lead bullet 
entered the anteromedial side of the right forearm and made its exit posteriorly 
near the olecranon. There was immediate burning pain at the site of injury, and 
a little pain radiating down to the 4th and 5th digits; also immediate ulnar numb 
ness and a feeling of weakness in the hand. 

4.30 p.m.: Admitted to hospital. Since the accident he had had acute “pins 
and needles” in the 4th and 5th digits, which otherwise felt dead. Wounds: 10 cm. 
below medial epicondyle on the anteromedial side of the arm, a punctured entry 
wound 6 mm. in diameter; exit wound between the olecranon and medial epicondyle, 
edges everted, diameter 6 mm. 

Neurological examination.—Motor: Slight power in Flexor Digitorum Profundus 
(2: M.R.C. nomenclature), complete paralysis of all other muscles of ulnar innerva- 
tion. 

Sensory: Anzsthesia of usual ulnar distribution on the palmar surface; on the 
dorsum of the hand a small zone of anesthesia medially and complete loss of touch 
sensibility in the ulnar digital (114) area. Analgesia confined to the terminal 
phalanx of the 5th digit. In the rest of the area of anesthesia, pin- prick was felt 
as a hot pain, but there was no delay in appreciation nor was the pain persistent. 

No loss of postural sensibility, though thresholds for deep pressure and deep pain 
were raised, the latter being felt as deep “pins and needles”. 

There was a little sweating in the ulnar zone of the palm, not noticeably less than 
in the median zone. 

Radiographic examination normal. 

Diagnosis.—It was evident that this was an incomplete lesion of some kind, since 
the motor disturbance was far greater than the sensory. A funicular division seemed 
unlikely since the dissociation could not be explained automatically; the i injury had 
evidently disturbed certain types of nerve fibres much more than others. A diag- 
nosis of neurapraxia could not be made with certainty since, at this stage, it was 
impossible to know whether or not manifestations of peripheral degeneration would 
ultimately appear. 
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The nerve was explored without delay, through a short medial incision. The 
findings were as follows :— 

(a) Moderate bruising of the soft tissues and muscles from 4 cm, above to + cm. 
below the epicondyle. 

(b) The track of the bullet ran deep to the ulnar nerve. 

(c) There was hemorrhage round the nerve over a length of 8 cm. but the 
nerve and its sheath were intact except at a point adjacent to ” wa bullet track. Here, 
over a length of 14 mm., the sheath was torn and ragged, but the bundles appe: ared 
intact (fig. 8). The epi- and perineurium were split to such an extent that it was 
possible to pass a small probe from one side of the nerve to the other between the 
bundles. The nerve was slightly thinner than normal and it was just possible that 
a few small bundles had been ruptured, though there was no certain evidence of this. 

(d) Results of proximal stimulation (see p. 275): Bipolar faradic stimulus, one volt. 
Powerful response in F.C.U. and F.D.P. Weaker response in Adductor Pollicis, no 
response in other muscles of ulnar innervation. By increasing the stimulus it might 
have been possible to produce a contraction in the hypothenar muscles and inter- 
ossei as well; but as the length of nerve exposed proximally had, of necessity, to be 
limited, a more powerful stimulus might have produced contraction by spread across 
the lesion to the peripheral zone where conduction was, of course, normal. 

Subse quent progress .—Sensory manag were made at frequent intervals and 
the most important changes are ‘shown in fig. 9. Recovery was so rapid that there 


Two days 
later 





Fic. 9. nsory changes after neurapraxia (see p. 39)—limit of anesthesia (in 
the later pictures the small areas are cross hatched)—limit of analgesia. Recovery 





of sweating not shown. 


ould not possibly have been a degenerative lesion of the sensory fibres, and it will 
e noted that pain sensibility returned two days after the injury. 
Motor: On 11.4.42, twelve days after the injury, the first dorsal interosseous 
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it does convey a clear idea of the severe grades of neurapraxia that are 
likely to give rise to anxiety; these patients came to us because it was 
feared, the paralysis having lasted for more than a few days, that degen- 
erative changes had occurred. Twenty-six cases were studied in detail 
(others will be referred to) and the nerves affected were as follows : — 


Median 6 
Ulnar oa oe a Hee aa ahs 8 
Radial ... Pr ae Lb “fe om ae 12 
Posterior interosseous ... 2 
Brachial plexus 6 
Peroneal 2 

36 


(2) Atiology. 


The nature of the injury must be considered in detail. 

(a) Instantaneous—There were ten cases in this group. In five the 
injury was a gunshot wound, in four a fracture or fracture-dislocation, 
and in one a combination of fracture and traction. 

(b) Prolonged.—In thirteen cases the causative trauma was more or 
less prolonged. In ten the affected limb was compressed and there were 
great variations in the duration and severity of compression; for example. 
one man was buried under debris for seven hours, in another case an arm 
was compressed by an Esmarch bandage for only twenty-five minutes. 
It was not possible to make any estimate of the degree of compression 
and it would be rash to attempt any correlation between duration and 
intensity of compression and the duration and severity of the subsequent 
paralysis. In one case compression and intense cold were combined, the 
patient having been in an aeroplane at a great height for many hours, 
with his arm in a cramped position and all the time suffering intensely 
from exposure. In one case compression of a limb was combined with. 
a fracture and it is not certain whether the paralysis was due to the 
fracture or to prolonged compression. In another the lesion was due to 
traction, the patient having been suspended by one arm for two hours 
in a building damaged by aerial bombardment. 

(c) Intermittent——In three cases neurapraxia was produced by 
crutches; in one the man had been using crutches for three months, 
in another three weeks, and in another (elbow crutches, which compressed 
the median nerve) four months. 

There was great variability in the duration of the paralysis and no 
correspondence could be found between it and the type of injury. 

The average duration was about ten weeks but this included cases 


ranging from one week to six months. 
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showed signs of activity and by 13.4.42 there was activity in all muscles of ulnar in- 
nervation. The electrical reactions were normal throughout and wasting was mini- 
mal. Objectively, recovery was almost perfect in May 1942, but the patient himself 
did not regard the muscles as entirely normal until May 1943. 

Sweating tests were performed on 7.4.42, 16.4.42 and on 1.5.42. They showed 
nothing more than a passing hypohidrosis in the palmar distribution of the ulnar 
nerve. 

On 1.5.42 there was still some disturbance of sensibility. A fine cotton-wool 
stimulus was not appreciated in the palmar distribution of the ulnar nerve; a slightly 
more powerful stimulus—1 grm. von Frey hair—was felt without any tickling sensa- 
tion, and superficial pinprick elicited a dull burning pain. It was a year before 
superficial sensibility had returned entirely to normal and this may mean that a 
few of the sensory fibres had, in fact, degenerated; or, alternatively, that a subsequent 
inflammatory reaction, followed by fibrosis at the site of the lesion, had prevented 
the restoration of normal conductivity in some of the sensory fibres. 


The essential features of neurapraxia are as follows : — 

(1) Motor paralysis is almost invariably greater than the sensory, 
and is usually complete. 

(2) There is little or no muscle wasting. 

(3) Electrical excitability of the muscles persists unchanged. 

(4) Motor recovery occurs with a rapidity that precludes Wallerian 
degeneration followed by regeneration. It does not follow any anatomical 
order, such as is seen in true regeneration; it either occurs simultaneously 
in, all the affected muscles; or irregularly, though never with any great 
lag between one muscle and another. The recovery is perfect. 

(5) Except in one respect (not illustrated in this case) loss of sensibility 
is usually less than after a degenerative lesion. Loss of touch is always 
more widespread than loss of pain sensibility, and recovers rather more 
slowly. 

(6) Postural and vibration sensibility, however, may be much more 
widely deranged than cutaneous sensibility; indeed, far more than in 
degenerative nerve lesions (see case reported on p. 273). 

(7) Mild irritative phenomena are common, though never persistent. 

(8) Recovery of all forms of sensibility is rapid, so rapid as to exclude 
Wallerian degeneration followed by regeneration. 

At some time in their history a considerable number of our patients 
showed manifestations of neurapraxia but in most of them the condition 
had cleared up completely before the patient reached us. The observations 
recorded here are confined to the more persistent varieties of neurapraxia 
and to a few that occurred while patients were actually in hospital, 
paralyses resulting from pressure by crutches or an Esmarch bandage. 
It must, therefore, be borne in mind that the picture presented by these 
cases cannot be taken as quite typical of the condition as a whole. But 
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‘those that did not recovered in the time required by a true degenerative 
lesion, i.e. axonotmesis. These cases provided a perfect demonstration of 
the relation between the faradic excitability of muscle and the presence 
or otherwise of a degenerative nerve lesion. In one case the presence of a 
few nerve fibres that had suffered axonotmesis was suggested by a change 
in electrical excitability. A patient showed complete radial motor 
paralysis as a result of thirty minutes’ compression of the upper arm by an 
Esmarch bandage. 

The electrical reactions were normal at first, but after the eighteenth 
day the response became slightly weaker. Whatever the nature of the 
lesion the faradic responses would, of course, have remained normal for 
about two weeks. The weakening that became apparent shortly after this 
time might fairly be taken as an indication that degeneration had occurred 
in a certain number of fibres (see p. 277). Unfortunately, in neither case 
was it possible to obtain useful information from muscle wasting since 
in both there were serious associated injuries. 

In two cases the electrical responses were of little value; in one motor 
recovery was complete at the time when the patient came under obser- 
vation and in the other the changes were predominantly sensory and only 
a transient paresis was noticed. 

Sensory: (a) Spontaneous subjective changes are common; they were 
absent in only seven out of twenty-four cases. They are best described 
in the words used by patients and from the following table it will be 
seen that two types of sensory disturbance were noticeable; there was a 
feeling of numbness or of the affected part being asleep; whereas others 
complained of tingling or pins and needles, and three complained of 
pain. Sometimes these sensations were mixed, or one followed another. 
They might clear up in a few days but not infrequently they persisted 
for weeks. There was no obvious relation between subjective and objective 
sensory phenomena; one might be found in the absence of the other. 

TABLE VI.—NEURAPRAXIA: SPONTANEOUS SUBJECTIVE 
SENSORY CHANGES. 


Skin feels asleep or numb ve _ vr re 3 
A similar sensation followed by tingling ... i a 1 
Limb feels numb or heavy ics va ” a vs 2 
Numbness of limb then tingling “A ase es cue 3 
Tingling or ‘‘pins and needles”’ a2 ~ ae ea 3 
Tingling followed by loss of sensibility 7 ay oe 1 
‘Wires pulling’... ve ci we his ae cas 1 
Aching pain ... i Foi oe ce Sate a ae 1 
Pain followed by tingling us as ay so ve > 
No complaint (radial 3, post. inteross. 1, peroneal 1, 
whole arm 1, forearm 1) : em am ioe ‘Za 
No reliable information because of associated injuries 2 


Total 26 
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(3) Clinical Manifestations. 

Motor: (a) Subjective: Apart from a feeling of weakness directly 
attributable to paralysis nothing was discovered, even after close question- 
ing. There was certainly no intermittent spasm and no coarse twitching 
(fasciculation) except during recovery. 

(6) Paralysis: Was almost always complete, just as if the nerve had 
been divided. 

(c) Muscle tone: In every case a search was made for residual tone but 
in only one (a man with involvement of the radial nerve following fracture 
of the humerus) was there any tonicity of the affected muscles. 

(d) Muscle wasting: In seven cases concomitant injuries were them- 
selves responsible for considerable muscle wasting, but in such of the 
remaining nineteen as showed wasting it was due to the nerve injury 
alone or to the resulting uselessness of the limb. In two cases there was 
no wasting; in twelve it was 0°5 to 1°5 cm. (circumferential measure- 
ments); in four the shrinkage was between 2 and 2°5 cm., and in one case 
it was as much as 4 cm. The average was 14 cm. of circumferential 
shrinkage. (For lack of proper standards, no account has been taken of 
the possible influence of right- and _ left-handedness.) 

(e) Response to faradism.' In fifteen out of twenty-six cases the res- 
ponse was normal in every respect; that is to say, the contraction was as 
brisk as on the normal side and obtained with a current of about the 
same intensity. It is noteworthy that muscle wasting was minimal, 
sometimes absent, in those cases showing a completely normal response 
to faradism. 

There were four cases in which a current of normal intensity produced 
a response slightly weaker than normal, and it was thought that this 
might indicate that a certain number of muscle fibres had degenerated, 
as a result of degeneration of a few nerve fibres. This supposition was 
strengthened by finding greater wasting (average 2°7 cm.) than in the 
group that showed normal faradic excitability (average 0°7 cm.), but that 
the lesion was predominantly a neurapraxia was shown by the rapid and 
clinically complete recovery made in each case. 

In three cases the responses were normal in all but one or two muscles 
that showed a reaction of degeneration. For example, in one case all 
the muscles of the forearm responded normally except brachioradialis 
and E.C.R.L.; the muscles that responded normally recovered rapidly. 


' At first an ordinary faradic coil was used which did not permit us to make 
accurate quantitative observations. Later, we used a Palmer coil which was cali- 
brated by connecting it to a cathode-ray oscilloscope. More recently, accurate 
quantitative work has been possible since we used the stimulator devised by Bauwens 
(1941). 
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(b) Loss of cutaneous sensibility. In this series of cases testing was 
confined to sensibility to touch and pain. In seven sensibility was normal 
throughout; in five the radial nerve was involved, in one the posterior 
interosseous, and in one the ulnar, median and radial nerves. In five 
cases sensibility was normal when the patient was first seen, at times 
ranging from thirteen to ninety days after injury; it is possible that 
sensory loss had been present though in no case did the patient describe 
changes that might not have been entirely subjective. .In the remaining 
fourteen there was great variation in the extent of sensory loss, but loss 
of touch sensibility was always more extensive, and sometimes more 
profound than loss of pain. Complete loss of pain sensibility was unusual. 
being seen in only two cases; and even in these, where the distribution 
bore the same relation to anesthesia as is seen in degenerative nerve 
lesions (fig. 10), recovery of pain sensibility was rapid and occurred long 


Fic. 10.—Sensory loss in neurapraxia, of twenty-five days’ duration, resembling 
that seen after a degenerative nerve lesion (anzsthesia and analgesia of posterior 
cutaneous area of forearm, superficial radial and ulnar areas), Within a further 
twenty-one days, there was a rapid shrinkage of the area of analgesia, but not of 
anzesthesia, which persisted for sixty-four days from the date of injury. 


before tactile sensibility had returned. Indeed, anesthesia persisted in 
the absence of analgesia for many weeks, the average time before it had 
cleared up completely being seventy-four days. In seven other cases 
there was either a minute area of analgesia or a fairly small area of 
hypoalgesia. The relation between the disturbances of tactile and pain 
sensibility may therefore be summarized as follows: touch is affected 
to a greater extent than pain and the disturbance lasts for a much longer 
period. 

(c) Changes in deep sensibility. At first, when so little change was 
found in cutaneous sensibility, it did not occur to us to investigate deep 
sensibility at all seriously; it is common knowledge that after a degener- 
ative nerve lesion the changes are always very much less extensive than 
those in cutaneous sensibility. But by chance I found a patient who, 
although he had almost no loss of cutaneous sensibility after neurapraxia 
involving the three main nerves of the upper limb, was completely lack- 
ing in vibration and postural sense at and below the level of the elbow. 
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On 4.5.42 a non-commissioned officer in the Royal Air Force was trapped under 
debris during an air-raid. His right upper limb was pinned in extension against 
his head, and he remained suspended thus for about two hours, with his: toes barely 
touching the ground. Immediately after being extricated he found that the limb 
was completely useless and insensitive. 

On examination (9.5.42).—Motor: (a) Wasting: 10 cm. below acromion, 1-2 cm.; 
20 cm. below acromion, 0-5 cm.; 10 cm, below ext. epicondyle, 1-0 cm.; 15 cm, below 
ext. epicondyle, 2:0 cm. (b) Voluntary power: paralysis of spinati, teres major, latis- 
simus dorsi; deltoid 1-5 (M.R.C. (1942) system of recording), triceps, biceps and 
brachialis 3-5. 


In the forearm : — 


Brachioradialis ... 3 Pron.Teres. ......... 3 PRIN. > ek caveat 3°5 
Al Ck ere 3°5 yt” errr l PF .D.Prot.(med.) .... 1-5 
a 8 Serre l i Sen ae 0 Abd. Min:D. .:....... 0 
Ae |, Gre 0 ap! Tee 1-5 Opp.Miaa.D, ...:...<.. 0 
A: rr 0 ft SL a eae 1-5 F.Brevis Min.D. 0 
Ut St eee 0 F.D.Prot.(iat.) ...... id D.Interossei ......... 0 
rt eee 0 yd ee 0 P.Interossei_ ......... 0 
eres 0 ary 0 Lumbricals(med.) ... 0 
Serre 0 We nds dicoacastcns 0 eee 0 
| a reer ree 0 Lumbricals(lat.) ... 0 


(c) Electrical reactions: normal in all muscles. 

Sensory: (a) Touch and pain; ill-defined hypo-zesthesia and hypo-algesia along 
medial border of upper limb with an island of more obvious hypo-zsthesia and 
hypo- algesia over middle third of arm posteriorly; (b) Postural sensibility: impaired 
in thumb and index; otherwise, completely lost in and below elbow; (c) Vibration 
sense: absent below lower third of humerus; (d) Deep pressure and deep pain could 
not be tested satisfactorily because of presence of cutaneous sensibility. 

Sweating: Anhidrosis over intercosto-humeral area; hypohidrosis i in distribution 
of medial cutaneous nerve of forearm, circumflex nerve, and in ulnar area, 

Progress.—His condition remained virtually unchanged until about 20.5.42. Then, 
very rapidly, all signs of nerve damage began to disappear (exact order of recovery 
not determined because the patient was not accessible), so that on 9.6.42 re-examina- 
tion revealed no abnorinality apart from slight weakness of the deltoid (4-5). 


This loss of postural and vibration sense was so remarkable that the 
findings were checked (and confirmed) independently by W. B. Highet 
and L. Guttmann. The temptation to dismiss the phenomenon as 
functional was considerable; but the temperament of the patient, 
cutaneous sensory loss clearing up almost completely in five days, and the 
undoubted hypohidrosis were altogether against such a conclusion. 

We then looked for changes in deep sensibility in other cases. In nine 
it was normal, and in seven there was a gross disturbance, as shown in 
Table VII. In some cases it was difficult to test deep pressure and deep 
pressure pain because of the relative normality of cutaneous sensibility, 
but there was no great difficulty in testing postural and vibration sense. 
In every case except one the loss of postural and vibration sense was not 
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only more extensive than is ever seen after degenerative lesions but even 


more extensive than the loss of cutaneous sensibility. This is a state of 


affairs quite unlike anything described hitherto in injuries of peripheral 
nerves. In the four cases where deep pressure and pressure pain could be 


tested, there was some disturbance in two. 


Sympathetic: (a) Changes in sweating. There was an abnormality of 


sweating in only seven cases. In one there was a small area of anhidrosis 
within a much larger zone of hypohidrosis: in five cases there was slight 
hypohidrosis; and in one, hypohidrosis in one zone and hyperhidrosis in 
another. Clearly then, sweat fibres are affected to a slightly smaller 
extent than pain fibres. 

(b) Vasomotor changes. The skin temperature was investigated in 


only three cases. In two there was nothing abnormal; in the other the 


TI 
is _ 


MOTOR = PROPRIOCEPTIVE TOUCH PAIN SWEATING 


Fic. 11.—Diagram showing relative involvement of various groups of nerve fibres 
in neurapraxia. <A and B are especially characteristic of radial neurapraxia: as in 
degenerative nerve lesions there is no detectable loss of deep sensibility, the median 
and the ulnar nerves being chiefly concerned in this form of sensibility. 
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affected hand warmed up to a greater extent than normal, on heating the 
rest of the body, and, after turning off the heat, did not cool so rapidly. 

It remains to compare the extent of motor loss with the loss of the 
various forms of sensibility, and it is, perhaps, most convenient to repre- 
sent the findings diagrammatically. In every case the condition was as 
shown in one or other of the diagrams (fig. 11). It is at once evident 
that there is a definite order of vulnerability to trauma, with motor fibres 
taking first place by a fairly wide margin. 


(4) Other Investigations. 

Direct electrical stimulation of a nerve exposed at operation, the 
electrodes being applied proximally.—This was possible in only one case 
(that reported in detail on p. 266); a response was obtained in several 
muscles innervated below the level of the lesion. It was necessary to use - 
a current of one volt, about double the strength required to produce a 
response in a normal nerve; and the response obtained in one muscle was 


weaker than in the others :— 


Voluntary Faradic : | volt 
Flexor carpi ulnaris 0 strong 
Flexor digit. prof. feeble strong 
Hypothenars 0 0 
Interossel 0 0 
Adductor pollicis 0 feeble 


It is possible that a still stronger current would have produced a 
response in the hypothenar muscles and interossei; but the length of 
nerve exposed above the lesion was very short, and a stronger stimulus 
might well have spread to the nerve below the lesion, where conduction 
was, of course, normal. Further exposure of the nerve was not justifiable 
in a potentially infected wound. The conclusion is that although volun- 
tary impulses, perhaps because of their asynchronism, failed to produce 
a voluntary contraction, impulses originating at a point just proximal to 
the lesion could do so; which means either that a substantial number of 
fibres had escaped damage or that the damaged fibres were themselves 
capable of conduction. 

Electromyography.—In a typical case of radial neurapraxia a con- 
centric needle electrode was inserted under local anesthesia into the long 
extensors of the wrist. At rest, the muscle was silent (there was no 
clinical evidence of muscle “tone”), but when the patient was asked to 
extend the wrist a burst of motor unit action potentials appeared, not so 
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many as are found in a normal muscle but normal motor units none the 
less; and yet there was not a visible flicker of movement either in the 
affected muscles or at the wrist. It would appear, therefore, that even 
voluntary impulses can get past the lesion, though not in sufficient num- 
bers to produce a visible contraction. Here again it is possible that the 
motor units observed represented activity in fibres that had, in fact, 
escaped damage: but there is nothing to exclude activity in at any rate 
a few of the damages fibres. 

This is an example of the electromyographic picture in pure neura- 
praxia, but an additional feature is present in some cases. Instead of 
there being complete absence of electrical activity when the muscle is 
at rest, one finds the small irregular discharges characteristic of fibrilla- 
tion, which persist when attempted movement produces a burst of motor 
unit A.P.s. More than one needling may be required to detect this 
fibrillation, and when it has been discovered the discharges are generally 
so infrequent that one is justified in concluding that only a few muscle 
fibres have degenerated. Hence, it is evident that in some cases the 
injury has been sufficient to produce degeneration in a few motor nerve 
fibres, yet so few as to leave the clinical picture of neurapraxia unaffected. 
It could hardly be otherwise. The violence that produces accidental 
injuries is not controlled in the interests either of the patient or the 
observer; and in a large unselected series of cases one finds a gradation of 
lesions from pure neurapraxia up to complete axonotmesis, in which every 
fibre has degenerated. We now have records of cases in which this mix- 
ture of neurapraxia and axonotmesis was manifest clinically. The most 
striking feature of the mixed lesion is that muscle wasting does occur, 
though not to the same extent as in a complete degenerative lesion. And 
when recovery takes place it does so in stages; there is an early re-appear- 
ance of power in the affected muscles but it does not return to normal 
for many months, final complete recovery being delayed until there has 
been regeneration of those fibres that underwent Wallerian degeneration 
(Buzzard and Greenfield, 1921). This mixed type of lesion has been 
demonstrated experimentally and is well seen in preparations of motor 
nerves traversing muscle: normal and degenerate fibres may be found 
lying side by side, whereas in pure neurapraxia there is no detectable 
abnormality distal to the lesion (figs. 12 and 13). The presence of this 
minimal degeneration, so slight that it could not be detected clinically, 
was found in neurapraxia produced experimentally in rabbits (fig. 14) by 
traction applied to the external popliteal nerve (Sanders and Seddon: un- 


published work). 
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Fics. 12 a and b.—Nerves, motor end-plates, and muscle fibres, in two examples 
of experimental neurapraxia (rabbit). No detectable abnormality. (Sanders and 
Seddon). See figs. 13 a and b (Plate XII) from which these tracings were made. 
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(5) Discussion. 

There are two questions that stand out above all others: (i) What is 
the explanation of the selective action of the injury on nerve fibres con- 
cerned with different functions? (ii) what is the nature of the lesion 
that causes loss of conduction in the affected fibres without producing 
axonal degeneration? 

The first will be discussed in detail, but the second only very briefly 
because we have made no attempt to study the local lesion experimentally. 

The first question was posed with great precision by Weir Mitchell 
(1864): “This condition of local shock is very curious. A man is shot 
in the thigh, the ball passes near the sciatic nerve, and instantly the limb 
is paralysed; within a few minutes, or at the close of a day or a week, 
the volitional control in part returns, but finally there may be left some 
single group of muscles permanently paralysed. . . 

“The most difficult fact to explain in this connection, is the great 
frequency with which a gunshot injury of a nerve causes total loss of 
motion and very little of sensation. It would be natural to suppose that 
a ball striking a nerve, or passing near it, would equally damage its motor 
and sensory fibres. Practically, it is the motor filaments which suffer 
most severely, most often, and most extensively. Nor is this less true of 
the case in all stages, for we find that the lesions of motion are always the 
least readily relieved and the last to improve. As yet no plausible explan- 
ation of these facts has occurred to us. Nor can we conceive why, as 
sometimes happens, a ball should seem to have respected altogether the 
sensory fibres of a great nerve trunk. All of our anatomical views incline 
us to the belief that the two orders of nerves are intimately blended in 
the large nerves. Yet it appears scarcely possible that this could be, and 
one set escape the loss of function which the missile inflicts on the other. 
Is it possible that the fibres of motion and sensation may be grouped in 
bundles; and thus be liable to insulated disturbance, if we may so describe 
it? Or, if this view of the case be inadmissible, must we then concede 
to the two orders of nerves some difference in constitution or sensitiveness 
to foreign impressions, which makes one more liable to suffer than the 
other ?—a conclusion which we should certainly hesitate to adopt.” 

It has already been pointed out that except at certain levels, where 
branches arise, there is little constancy in the internal topography of 
nerves. Even if there were a funicular pattern, with clear demarcation 
between motor and sensory bundles, it is almost impossible to conceive 
how injuries to different nerves at different levels could exert a selective 
action which is almost invariably the same, namely, picking out motor 
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and proprioceptive fibres rather than those concerned with cutaneous, 
especially pain, sensibility. 

The other conclusion, that Weir Mitchell was so reluctant to accept, 
is, in fact, the correct one. 


Tue Sensitiviry TO TRAUMA OF NERVE Fipres OF DIFFERENT TyPEs. 

Past investigations of this problem have proceeded on two main lines. 
Clinical experiments have been performed in which the order of dis- 
appearance of various modalities was observed when a nerve was com- 
pressed. More recently, successful attempts have been made to determine 
the changes in action-potentials that follow compression of a nerve. The 
latter are especially valuable, because of the correlation that has emerged 
between fibre size, the form and rate of conduction of action-potentials, 
and function. 


The results of a number of investigations of both kinds (including 
observations on the effects of certain agents other than compression) are 
summarized in Table VIII, and they provide convincing evidence of the 
selective action on nerve fibres of compression, cold, cocainization, &c. 
Those that concern neurapraxia appear in columns 5, 6 and 7. In sum- 
marizing the observations of Wortis, Stein, and Jolliffe (1942) I have 
listed the order of abolition of various functions, rather than the order 
in which they began to disappear. Observation of the latter is so depend- 
ent on refinements in methods of examination as to be of doubtful value. 
It will be noted that there is a fairly close correspondence between their 
list and that of Lewis and Pochin (1937). 

Gasser and Erlanger, in observing changes in action-potentials, found 
that on compression of a nerve the fibres (only those in the A complex 
were studied) were affected in the order of their size; the large fibres being 
the first to lose their conductivity. Now it is known that the order of 
fibre size is as follows: motor, touch, first pain, and second pain. Although 
action-potentials set up by vibratory stimuli have been investigated by 
Echlin and Fessard (1938), the properties of proprioceptive fibres, as to 
size and rate of conduction of impulses, have not yet been worked out 
with the same thoroughness as in the case of other fibre groups. Never- 
theless, the evidence provided by Sherrington’s (1894) discovery of the 
large size of afferent fibres from muscle, and the demonstration by 
Erlanger (1927) of practically indistinguishable action-potentials in both 
motor and sensory fibres in a nerve supplying a muscle, leave little doubt 
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that some proprioceptive fibres are very nearly as large as motor fibres. 
Since it is known that compression applied to a collection of tubes of 
varying size produces a degree of collapse in each roughly proportionate 
to its diameter, the correspondence between the results of clinical and 
laboratory experiments completely establishes the high place of proprio- 
ceptive fibres in the range of fibre sizes. 


In the lesions that have been described in this paper we are not con- 
cerned with the order of disappearance of various modalities. In many 
cases the damage was inflicted instantaneously. What has been observed 
is a selective damage, affecting fibres of certain types more than others. 
In the cases that came under observation comparatively late, we may 
perhaps have seen only the persistence of damage to certain types of 
fibre, others having already recovered; if the case that has been described 
in detail had not been seen within the first forty-eight hours, it would not 
have been known there had been any involvement of pain fibres. 

The order of vulnerability of fibres in these cases of neurapraxia is as 
follows: motor, proprioceptive (postural and vibration sense), touch, pain, 
sudomotor (position of deep pain and pressure doubtful). 

From the physiological standpoint it is regrettable that other modal- 
ities were not investigated. But we were not working with the freedom 
that is possible when the subject is a trained volunteer who is not suffer- 
ing from some more or less serious injury. Indeed, a tribute is due to 
the soldiers and airmen who so cheerfully endured the repeated and time- 
consuming examinations that were required to elicit such findings as 
have been recorded. 

The close correspondence between this list and those of Gasser and 
Erlanger, Lewis and Pochin, and Wortis et al. is at once apparent. Hence, 
it may be concluded that the chief characteristic of the lesions described 
by the term neurapraxia is that the vulnerability of the fibres in a mixed 
nerve is approximately a function of their size. Furthermore, the larger 
the fibre, the slower the recovery, and presumably, the greater the inten- 
sity of the damage. Beyond a certain point, the damage may be sufficient 
to cause Wallerian degeneration in the most vulnerable fibres; a fact that 
has been confirmed by histological examination (Sanders and Seddon, 
unpublished work). ‘Thus, in a series of cases where the kind of injury 
is the same, but the intensity of its action variable, the lesions found will 


range in severity from pure neurapraxia to pure axonotmesis. This is 
well shown in the series of fourteen cases of tourniquet paralysis recorded 


by Eckhoff (1931). 
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Tue Nature oF THE LEsIon. 

The only clue to the nature of the lesion furnished by observations in 
man is that, although motor palsy may be complete clinically, some fibres 
are still capable of conducting impulses. A few impulses, voluntarily 
induced, find their way across the zone of damage; they may be detected 
electromyographically and it is, of course, possible that they are trans- 
mitted by intact. fibres. If a powerful electrical stimulus is applied to 
the nerve just proximal to the lesion, these impulses may be sufficiently 
synchronous to produce a visible contraction. Furthermore, some process 
is at work that has an irritant action on the sensory if not on motor fibres, 
since mild symptoms of irritation are usually present. 

However, the exact nature of the local changes can only be determined 
by animal experiment. From consideration of the clinical histories it 
would be reasonable to expect that there are two types of lesion; those in 
which recovery occurs within a few hours or, at most, a day or two, are 
unlikely to show any very profound structural change; whereas those in 
which recovery is a matter of weeks may well show quite striking changes, 
requiring an appreciable period for their repair. 

Since the myelinated fibres are so much more vulnerable than the 
non-myelinated, it would not be unreasonable to postulate changes in 
the myelin sheath, such as are found in diphtheria (Mallory, 1913) 
and other forms of neuritis. Indeed, one is greatly tempted to 
elaborate on the similarity between neurapraxia and diphtheritic neuritis, 
for the clinical features of the two conditions have much in common. 
But such comparisons are fruitless, since any form of toxic neuritis might 
be accompanied by changes in the cell body, and in diphtheria especially 
the controversy concerning the importance of the nerve cell lesion as 
opposed to the nerve fibre lesion has not yet been settled (see Kinnier 
Wilson, 1940, p. 644-45). 

Earlier experiments, Weir Mitchell’s (1872), for example, give little 
help, for they were carried out before neurohistological technique had 
become very informative. Von Biingner (1891) and Stroebe (1895) found 
that there was fragmentation of the myelin, the axons remaining in con- 
tinuity, although perhaps showing some flattening. The myelin might 
even disappear completely. This promises to be the most noteworthy 
histological feature of the condition, and it will be especially interesting 


to learn how the myelin regenerates. 


VIII.—Conc.usIons. 


(1) There are three chief types of nerve injury. 
(2) Neurotmesis is the name given to a lesion of such severity that 
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all essential parts of the nerve are destroyed. The simplest and commonest 
variety of the condition is that resulting from anatomical division, but 
interruption of the same kind can occur without any apparent loss of 
anatomical continuity. Wallerian degeneration occurs peripherally and 
the clinical picture is that of complete interruption of the nerve. Spon- 
taneous recovery is rare, and never of good quality; the damaged segment 
must be excised and healthy stumps brought together by suture. 

(3) Axonotmesis is a lesion characterized by complete interruption 
of axons, but with preservation of the supporting structures of the’ nerve 
—Schwann tubes, endoneurium and perineurium. It is usually produced 
by blunt injury. The local lesion, when seen some time after infliction of 
the injury, may be almost indistinguishable from normal nerve, though 
occasionally there may be a “fusiform neuroma.” Histologically, there 
is complete interruption of the axons, preservation of the Schwann tubes 
and endoneurium, and Wallerian degeneration peripherally. Clinically, 
the condition is indistinguishable from neurotmesis until recovery occurs, 
which, in axonotmesis, is spontaneous. 

(+) Comparison of recovery after suture with that seen after axonotmesis 
shows that the rate in man is about the same for both, though the latent 
period after suture is longer. The quality of recovery is invariably better 
after axonotmesis. There is an early return of independent and synergic 
movements, often before motor power is fully restored; whereas after 
suture these manifestations of precise voluntary and reflex control, though 
they may return late in muscles subserving comparatively coarse functions, 
rarely if ever reappear in delicate and highly specialized muscles, such 
as the interossei. Sensory recovery after axonotmesis is also perfect, 
while that after suture is invariably defective especially in respect of 
tactile localization and (two-point) discrimination. These differences are 
explained by the axonal conf ision at the suture line after surgical repair 
in neurotmesis, and by its absence in spontaneous regeneration after 
axonotmesis. 

(5) The management of cases showing the syndrome of complete 
interruption is based on consideration of three points : — 

(a) The type of injury. An open wound is likely to produce 
neurotmesis; a closed injury, other than traction, axonotmesis. 
Exploration should be undertaken as early as possible in the first, 
but not in the second. 

(b) Where there seems to be good reason for treating a case 
conservatively, exploration should not be contemplated until a 
calculation based on knowledge of the level of the lesion, the rate 
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of regeneration, and the distance between the lesion and the most 
proximal of the paralysed muscles shows that signs of spontaneous 
regeneration are overdue. However, there are reasons for explor- 
ing almost all high lesions without waiting for signs of recovery 
to appear. 

(c) When exploration is performed, the finding of an apparently 
normal nerve suggests that the lesion is an axonotmesis. A fusi- 
form neuroma is usually an indication that recovery will occur 
spontaneously; the quality of recovery may be inferior to that seen 
after axonotmesis, yet superior to that seen after suture, which 
means that the lesion is a mixture of axonotmesis and neurotmesis 
with the first predominating. Evidence of intraneural fibrosis is 
in favour of a lesion that is chiefly a neurotmesis, in which case 
resection and suture are indicated. 

(6) Neurapraxia is a lesion in which there is no axonal degeneration, 
though there may, perhaps, be a localized degeneration of the myelin 
sheaths. Blunt injuries and compression are the commonest causes of the 
condition. 

There is a fairly constant gradation of susceptibility to injury in the 
various fibre types, those of large size being the more vulnerable. Hence, 
motor paralysis always predominates. Fibres mediating postural and 
vibration sense may also be extensively involved. ‘Touch fibres are less 
susceptible, but more so than pain and sudomotor fibres. The clinical 
picture is, therefore, almost always one of complete motor and incomplete 
sensory paralysis. 

Recovery is spontaneous and complete; and so rapid that it cannot be 
explained in terms of regeneration following Wallerian degeneration. It 
is significant that there is no change in the electrical excitability of the 
affected muscles. And there is no anatomical “march” of recovery such 
as is seen after nerve suture or axonotmesis. 

(7) Apart from experimental lesions, damage to a nerve short of total 
division is unlikely to affect all its fibres uniformly: after exclusion of all 
cases of neurotmesis mixed and partial lesions may be expected to pre- 
dominate. 

In a series of 537 injuries in continuity (650-113), “pure” lesions were 
found in only 117 cases. The rest were mixtures. In addition to many 
partial divisions there were, for example, ninety-six cases in which neuro- 
tmesis and axonotmesis were combined. Regeneration occurred spon- 
taneously, though the rate was sometimes slower than normal. The 
quality of recovery was generally better than that seen after a good suture 
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but, nevertheless, fell short of perfect restoration of function. Thus, 
although these cases presented some features of axonotmesis signs of 
permanent intraneural damage, i.e. neurotmesis, persisted indefinitely. 
The next step, therefore, will be to describe the clinical syndromes 
characteristic of the more common mixed lesions and the treatment 
appropriate to each. This work had been almost completed by the late 
W. B. Highet: unhappily, his only manuscript was lost with him at sea, 
and the analyses on which his paper was based will have to be made 
afresh. However, the result of this work was already clear; that, apart 
from lesions due to traction or ischemia, almost every injury encountered 
in a large series of cases could readily be explained in terms of neuro- 
tmesis, axonotmesis and neurapraxia, which is. perhaps. the most 


important confirmatory evidence yet available. 


I am greatly indebted to Brigadier George Riddoch and to Mr. J. Z. 
Young for reading the manuscript and for making a number of valuable 


suggestions. 
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LEGENDS FOR PLATES. 
PLATE IX. 

Fic. 1._-Examples of neurotmesis in which an appearance of continuity had been 
preserved. In each case there had been complete destruction of all bundles at the 
point D. (W. Holmes.) 

PLATE X. 

Fic. 2.—Two examples of division of a nerve where the separation of the stumps 
by scar tissue is obvious in longitudinal section. (W. Holmes.) 

Fic. 3.—Typical appearance of divided nerves as seen at operation. 

PLATE XI. 


Fic. 6.—Experimental axonotmesis in the rabbit, three days after crushing. There 
is rupture of a Schwann tube at one point. A number of regenerating axons are 
flowing into their old channels. (Young and Seddon.) 
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Fic. 7.—Histological appearances of peripheral stumps in a rabbit 107 days after 
crushing (axonotmesis) of lateral popliteal nerve on one side, and division and imme- 
diate suture on the other. Axon stain: Bodian. Myelin stain: Weigert. The 
axonotmesis shows one large well-myelinated fibre occupying each tube. The suture 
shows smaller and poorly myelinated fibres in most of the tubes and very small 
(presumably abortive) fibres at the periphery of many of the tubes. (J. Z. Young.) 

Fic. 8.—Neurapraxia: Condition of nerve at operation. Drawn from a photo- 
graph. The operative exposure was actually much less extensive, but the trunk of 
the ulnar nerve proximal to the lesion, and the trunk of the median nerve are shown 
for the sake of clarity. The sheath had the appearance of being burst asunder. 


PLATE XII. 


Fics. 13 a and b.—Nerves, motor end-plates, and muscle fibres, in two examples 
of experimental neurapraxia (rabbit). No detectable abnormality. (Sanders and 


Seddon.) 
PLATE XIII. 

Fic. 14.—Nerves in experimental neurapraxia (rabbit) which recovered 
apparently completely. There are, however, a few degenerate motor fibres and the 
lesion is therefore a combination of axonotmesis and neurapraxia, (Sanders and 
Seddon.) 
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AFFERENT AREAS IN THE CEREBELLUM CONNECTED 


WITH THE LIMBS. 
BY E. D. ADRIAN. 


(From the Physiological Laboratory, Cambridge.) 


Tue electrical activity of the cerebellum has been increasingly studied 
in the past few years. It gives some indication of what is happening in 
the neurones of the cerebellar cortex and can also be used as a convenient 
means of mapping projection areas. It is in this field that the results 
have been most definite. By stimulating afferent pathways and recording 
the potential response in the cerebellum, Dow (1939, 1942a) and Curtis 
(1940) have made it clear that there is at least some localization of 
different areas. Vestibular discharges go mainly to the uvula, proprio- 
ceptor messages from the limbs to the anterior lobe, &c. It has seemed. 
however, that within these main projection areas there is no further sub- 
division, so that it is not possible, by these methods, to distinguish regions 
specially concerned with the fore-limb or with the hind-limb either in 
the area of the spinal or of the pontine supply. 

The following account deals with experiments made during the past 
two years which have shown a more detailed localization of afferent 
discharges with distinct regions for the hind-limbs, fore-limbs and some- 
times for the vibrissze of the head. The result would be quite satisfactory 
were it not that the arrangement it reveals is just the reverse of that 
recently found by Connor and Graham (1941) for efferent cerebellar 
localization. They have studied the symptoms following localized abla- 
tions and report that the head area is in front, in the lingula and anterior 
part of the lobulus centralis, with the fore-limb area in the posterior part 
of the lobulus: centralis and finally the hind-limb area in the culmen at 
the rear. The present experiments, on the other hand, have shown the 
receiving areas for afferent discharges arranged with the hind-limb area 
in front in the lobulus centralis and the fore-limb area behind it in the 
culmen. That for the vibrisse of the face, when present, is still further 
back. These two sets of observations deal with two aspects of the cere- 
bellar mechanism, the afferent and the efferent, yet it is difficult to 
believe that there can be such a complete reversal of body representation 
in passing*from one to the other. Whatever the explanation may be, 
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efferent connections, but the method of electrical stimulation gives no 
evidence of a definite topographical localization within each afferent 
system. In fact it seems to be a characteristic feature of the cerebellum 
that electrical stimulation of a single nerve or a single point on the cerebral 
cortex gives a potential response in widely distributed parts of the 
cerebellar surface and that the distribution is substantially the same 
whatever nerve is stimulated. 


METHOob. 

The present experiments have been made by a different technique, for electrical 
stimulation was seldom used and the response which was looked for was the arrival 
of impulses in afferent fibres and not the potential change at the surface. Most of 
the experiments were made on cats and monkeys; the former were anzsthetized with 
dial or nembutal (occasionally with chloralose) or else decerebrated under ether, the 
monkeys were all anesthetized with dial. An electrode holder was attached to the 
skull and carried a fine enamelled silver wire which could be thrust into the cere- 
bellar cortex with a minimum of damage or a pointed cotton-wool electrode for 
exploring the surface. An earthed indifferent electrode was attached to the scalp. 
The potential changes were amplified and recorded by a loud speaker and Matthews’ 
oscillograph. A small cathode ray oscillograph was sometimes added for visual 
observation. Electrical stimuli were used in a few experiments to activate the 
cerebral cortex; all other stimulation was mechanical and consisted in touch, 
pressure, movements of joints and stretching of muscles. 


Resutts. Part I.—Spino-CEREBELLAR AND PonTo-CEREBELLAR 
RECEIVING AREAS. 

(1) Spino-cerebellar recewving areas (Cat)—With an electrode on the 
culmen of a cat under dial or nembutal it is usually possible to hear the 
additional noise caused by the arrival of afferent discharges when the 
fore-foot is pressed. With a surface lead this additional noise may be 
due mainly to the increased activity of the cerebellar neurones consequent 
on the discharge. With a wire electrode with its tip in the white matter 
the afferent discharge itself can be more easily distinguished, but another 
source of confusion often arises from the repeated discharges sent from 
the cerebral cortex via the pontine nuclei. These are absent in very deep 
anesthesia or in the decerebrate preparation. In fact the spino-cerebellar 
discharges are easiest to record in an animal which has been anesthetized 
with a barbiturate and then decerebrated, for the pontine discharges will 
have ceased and there will not be much intrinsic activity in the cerebellar 
cortex. Typical records are given in fig. 3. 

The position of the receiving areas for the hind-limb, fore-limb and 
face is illustrated in fig. +. This is based on the examination of forty-eight 
cats, all of which showed the same arrangement. Discharges from the 
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the present experiments have all given the same result and as it can be 
readily demonstrated it seemed advisable to describe what had been found. 

The experiments have also dealt with some points of resemblance 
between cerebellar and cerebral activity, at least on the afferent side. These 


are discussed separately. 


CAT Lobulus Centralis MONKEY 





Fic. 1.—Diagrams of the cerebellum of the cat and monkey showing the main 
sub-divisions of the dorsal surface. 


ANATOMICAL Basis. 

An excellent review of cerebellar anatomy has been given by Dow 
(1942b) and his terminology will be followed in the present account. 
Fig. | gives diagrams of the cerebellum in the cat and monkey, the animals 
chiefly used in these experiments, and shows the main sub-divisions of 
the dorsal surface. The probable distribution of afferent fibres of the 
spinal and pontine pathways is shown in fig. 2. This is based partly on 
histological findings and partly on Dow’s evidence from electrical stimula- 
tion of limb nerves and of the cerebral cortex. The spino-cerebellar 
distribution is to the lobulus centralis and the culmen near the mid- 
line. The ponto-cerebellar overlaps it but has its main concentration 
further from the mid-line and the receiving area extends back into the 
lobulus ansiformis. 


Ponto Cerebellar 


Fibres 





Spino Cerebellar 
ibres 








Fic. 2.-General distribution of afferent fibres from the spinal cord and the 
pons (cat and monkev) based on Dow’s results, 


Dow points out that the existence of such distinct areas is evidence 
of some functional localization of the cerebellum on the basis of its 
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into the lobulus simplex. As in the hind-limb area the density of afferent 
discharge is greatest a few millimetres from the mid-line. 

Discharges from the face have not always been found, but they were 
quite clearly present in about two-thirds of the animals. They have always 
been in a small region of the lobulus simplex which lies just behind 
and lateral to the fore-limb area (cf. fig. 4). The outer margin of this 
region is about 10 mm. from the mid-line. 

Receptors supplying the areas. (a) Face.—Discharges to the face area 
in the lobulus simplex are produced by bending or pulling the vibrissx 
on the upper lip and above the eye and occasionally by touching the hairs 
inside the ear and along its margin. Pressure on the skin of the snout 
where the vibrisse arise gives a continued discharge. The effects have 
been strictly ipsilateral. 

(b) Limb Areas—The variety of stimuli which will cause increased 
activity in the limb areas has varied greatly from one preparation to 
another. In cats which have been decerebrated and have had no anes- 
thetic for some hours a light touch on the hairs near the fore or hind-foot 
and almost any manipulation of joints or muscles will give increased 
potential oscillations over a fairly large area, but these effects are mainly 
due to the cerebellar neurones and may have been set up by afferent 
discharges in very few fibres. Under deep nembutal or dial light touch 
has only produced unmistakable discharges in a few animals. In all of 
them, however, pressure on the feet and joint movement has given well- 
marked discharges with a definite localization corresponding to the 
different parts of each limb as well as to the different limbs. 

The localization in a typical experiment is shown in fig. 5. From 
behind forwards the discharge came from the digits of the fore-foot, the 
wrist, elbow and shoulder, hip and knee, ankle and hind-foot; thus the 
regions for the digits of the fore-foot and for those of the hind-foot were 
separated by nearly | cm., the intervening regions being concerned with 
the more proximal parts of the limbs. This general order has been found 
in every case where a detailed examination was made (eight animals) 
though the regions for the feet have been larger in some of them. The 
arrangement is, of course, to be expected, for if there is any segregation 
of afferent pathways it would be likely to conform to that in the cerebrum. 

The discharges from the proximal parts of the fore and hind-limbs 
have been set up by a variety of movements (abduction and rotation at 
shoulder and hip as well as flexion and extension). It has not been 
possible to distinguish parts of the receiving area specially related to 
particular kinds of movement (e.g. extension): but only small fractions 
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Fic. 3.—Oscillograph records with wire electrode showing arrival of spino-cere- 
bellar discharges in the culmen when the fore-limb is stimulated. A, decerebrate cat. 
Discharge produced by dorsiflexion of the foot. B, ditto another animal. Discharge 
produced by touching hairs in front of wrist. C, cat under nembutal. Discharges 
due to repeated pressure on the foot pad. Time shown in each record by black line 
(=0-1 sec.). The signal above (white strip) marks the stimulus but has a variable 
latency. 


ipsilateral hind-limb can be picked up in an area which extends forwards 
over the lobulus centralis as far as the lingula and back to the anterior 
border of the culmen. The density of the afferent supply is greatest 
over a strip which stops short of the mid-line by about 2 mm. and extends 
laterally to about 5 mm. from it. Occasional discharges can be picked 
up close to the mid-line and | mm. or so on the side opposite to the limb 
which is stimulated, but apart from this the effects are all ipsilateral. 

The area for the fore-limb occupies all but the anterior quarter of the 
culmen and may occupy the whole of it. It extends back in a few animals 
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Fic. 4.—Spino-cerebellar receiving areas for hind-limb, fore-limb and _ face 
(vibrissz) in the cat. 
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is probable that extreme flexion is only effective when it causes pressure 
on the structures on the flexor side of the foot. It has not been possible 
to detect afferent discharges from the tail. This may well be because 
the receiving area is difficult to reach. Part of the hind-leg area is so far 
forward that it can only be exposed by removing the posterior corpora 
quadrigemina and the tail area, if it exists, may be even more deeply 
buried. 





Fic. 6.—Records showing discharges in single units recorded with wire electrode 
1-5 mm. below surface. A, decerebrate cat. Electrode in |. centralis. Rapid 
extension of hind leg (knee). B, same preparation. Slow extension of the knee- 
joint. C, decerebrate cat. Electrode in culmen. Pressure on foot pad removed 
gradually. D, same preparation as C. Pressure on foot suddenly removed. 
Silent period followed by resting discharge. Time shown by black line (0-1 sec.) 
in this and all subsequent records. 


Single unw discharges.—With a wire electrode with its up 15 mm. 
or more below the surface it is often possible to detect discharges in which 
the potential spikes are alike in height and appear to form a single series. 
These single-unit discharges picked up in the cerebellum differ very little 
from the sensory messages in peripheral nerve fibres. The frequency of 
the impulses increases smoothly with the stimulus over a range of 5 to 200 
a second. There is often a resting discharge (about 10 a second as a rule), 
the response to a constant stimulus declines gradually and there is a 
silent period when the stimulus is withdrawn. The records in fig. 6 
illustrate some of these points and might have been made from afferent 
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of the area can be thoroughly examined for most of it is deeply buried 
in the sulci. From the distal parts of the limbs, however, the discharges 
have all been due to one form of stimulation, namely that which would 






Elbow and Should (digits) 


Face 
DK (Vibrissae) 


Knee and Ankle 


Hind Foot 
(digits) 


Fic. 5.—Localization of discharges from different parts of the fore and hind- 
limb in a cat (No. 18). 


be produced by pressing the foot to the ground. Under almost any con- 
ditions of anzsthesia a discharge will reach the posterior part of the fore- 
limb area in response to a pressure on the toe pads and dorsiflexion of the 
digits and wrist. The pressure can be applied by hand or the fore-limb 
may be hung by a string and then lowered so that the foot comes into 
contact with a firm surface. The discharge begins as soon as the foot is 
brought into the standing position and continues for many seconds if 
the posture is maintained, increasing if the foot is firmly pressed on the 
supporting surface. For the hind-foot the effective stimulus is also a 
dorsiflexion of the digits and pressure on the toe and foot pads and on the 
plantar surface as far back as the heel. 

The receptors most likely to be concerned in this response are the 
Pacinian corpuscles in the pads of the toe and foot and under the flexor 
tendons. of the toes, wrist and ankle. They are known to react to pressure 
and joint movement and to adapt slowly (Adrian and Umrath, 1929), and 
pressure is most effective in regions where they are present. Some of the 
stretch receptors in the muscles of the legs may also take part, and dorsi- 
flexion of the wrist will be likely to stimulate the hair endings on the 
dorsal aspect of the joint. Extreme plantar flexion of the digits sometimes 
gives an afferent discharge, but moderate flexion has not done so and it 
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Fic. 7.—Single unit discharges set up by stimulation of different regions in the 
hind-foot. Decerebrate cat. A, pressure on toe pad, at point marked A in diagram. 
B, pressure on foot pad, at point marked B in diagram. C, pressure on heel, at 
point marked C in diagram, The records show the maximum frequency obtainable 
from each part of the receptive field 


with a definite localization for the proximal and distal parts within each 
limb area. 

The animals used were all Rhesus monkeys of 2°5 and 3°5 kilos. The 
general arrangement of the receiving areas is shown in fig. 8. Afferent 
discharges (from ipsilateral receptors) can be picked up in a strip which 
extends out 12 to 14 mm. from the mid-line but no further. There is 


some uncertainty as to the anterior limits of the hind-leg area as it is 
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Fic. 8.—Spino-cerebellar receiving areas in the monkey. 
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nerve fibres in the foot or in the dorsal roots. The fact that they were 
made from the cerebellum shows that there can be little alteration in 
the character of the message on its way through the gracile and cuneate 
nuclei or through the spinal cord. In particular there is nothing like the 
oscillating after-effect which may follow an afferent discharge to the 
cerebral cortex (Adrian, 1941) and there is little tendency to high frequency 
outbursts. 

The likeness between the afferent discharges in the cerebellum and 
those in peripheral nerve breaks down in one respect. Owing presumably 
to the convergence of pathways from the periphery an axon in the cere- 
bellum may be in touch with a receptive field much larger than that of 
the peripheral nerve fibre. This is illustrated in fig. 7 which shows the 
widespread connections of a cerebellar unit with the receptors in the 
hind-foot. Impulses were produced in it by pressing one toe pad (fig. 7 A). 
by pressing the food pad (B) and by pressing the plantar surface close to 
the ankle (C). Care was taken to localize the pressure and there is no 
doubt that receptors in all three places sent their messages to the one unit. 
The frequency in it is presumably a function of the total number of 
impulses converging on it in a given time. When the ankle is pressed 
the frequency cannot be made to rise above 40 a second, although the few 
receptors concerned are presumably discharging at much higher rates. 
but when the foot pad is pressed the frequency rises to 250 a second 
because of the much greater number of receptors leading to the cerebellar 
unit. 

Many of the single unit discharges which have been examined have 
had much less extensive connections. In one, for instance, a discharge 
was produced by pressure at the side of one toe and by nothing else. 
another reacted only to stimulation of the vibrissz over a small area on 
the snout. But it is more usual to find the receptors for a single cerebellar 
unit scattered over an area considerably larger than that supplied by a 
single peripheral nerve fibre. How far the unit spreads out in the cere- 
bellum is still uncertain, but the localization shown in fig. 5 would rule 
out a spread through many convolutions. 

Spino-cerebellar receiving areas in the monkey.—General arrange- 
ment: The position of the different areas in the monkey’s cerebellum 
resembles that in the cat and as in the cat the most prominent effects are 
those produced by pressure on the under surface of the feet. But dis- 
charges have also been produced by a wide variety of limb movements 
and again the afferent pathways are distributed to the cerebellum not 
merely on the basis of separate receiving areas for the different limbs but 
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(2) Ponto-cerebellar recewwing areas.—Afferent discharges from the 
pontine nuclei can be recognized most easily in animals under dial. With 
this anesthetic the cerebral cortex tends to develop a characteristic 
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Fic. 10.—Single-unit discharge from a monkey's cerebellum. Wire electrode 
in culmen 1-5 mm. below surface. Discharge produced by flexing the elbow. 


rhythmic activity with potential waves appearing in groups or contin- 
uously at a frequency of 8 to 12 a second. When this rhythm is present 
in the motor area the impulses in the pyramidal tract show a similar 
grouping (Adrian and Moruzzi, 1939) and the same grouping can be 
recognized in the middle penduncles of the cerebellum and in particular 
parts of the cerebellar cortex (fig. 11). The cerebellar regions in which 
rhythmic discharges of this kind can be picked up are shown in fig. 12. 
In the cat they appear in the lateral parts of the anterior lobe and lobulus 
simplex and in most of the lobulus ansiformis: in the monkey they cover 





Fic. 11.—Record from the lateral part of the culmen in a cat under dial with 
cerebrum intact, showing development of waves with the (cerebral) 10 a second 
rhvthm when the foot is pinched. 


CAT 





Fic, 12.—-Cerebellar areas in the cat and monkey in which rhythmic discharges 
from the cerebrum can be recorded. 
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difficult to expose this part of the cerebellum. The fore-limb area occupies 
most of the culmen. The face area is represented as immediately behind 
it in the lobulus simplex, but distinct discharges from the face have 
only been recorded in three out of a total of nine monkeys. 

Receptors concerned.—In the face area the only effective stimulus 
has been a movement of the vibrisse or a pressure on their roots. Con- 
tinued pressure gives a prolonged discharge, as in the cat. 

In the fore-limb area the most effective stimulus is a dorsiflexion of 
the wrist and a pressure on the tips of the fingers, the pad at the base of 
the palm and the sides of the fingers in the neighbourhood of the joints. 
Discharges produced in this way are found in the posterior convolutions 
of the fore-limb area close to the fissura prima (fig. 9) Flexion and 
extension of the elbow, pronation of the forearm and movements at the 
shoulder (rotation, abduction) have all given discharges further forward 
in the region joining that for the hind-limb. This segregation of the dis- 
charges from the distal and proximal parts of the fore-limb has been found 
in all of the three animals in which a detailed examination was made. 


Fuot 





Fic. 9.—Localization of discharges from different parts of the fore and hind- 
limb in a monkey (No. 6). 


The hind-limb area has not been so thoroughly explored as the front 
part of it is not so easily accessible, but in the experiment shown in fig. 9 
movements of the hip and knee gave discharges in the posterior and 
pressure on the foot in the anterior convolutions. The anterior limits of 
the area have not been determined. 

In all three areas single unit discharges have been recorded and the 
frequency in them has varied with the stimulus in the usual way. One 
such record, produced by flexing the elbow is given in fig. 10. A peri- 
pheral convergence as great as that found in the cat has not been observed 
in the monkey but the number of discharges examined is not enough for 
a valid comparison. 


—— 
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outbursts (Adrian and Moruzzi, 1939). These are easily recognized by 
ear or in a photographic record and are not obscured by the stimulus 


<ultillbasoncwseeitithbedsn dSaaea aa 


artefact as they occur when it is over. Now if the motor area of one side 
is stimulated in the fore-limb region the characteristic after discharges 
: are heard at high intensity in the posterior part of the culmen on the 
F opposite side. They can be heard faintly elsewhere, but the intensity is 
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Fic. 13.—Sub-divisions of ponto-cerebellar receiving area in the monkey, showing 
their connection with different parts of the motor cortex. 
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then much the same whatever the depth of the electrode. In the culmen 
3 the intensity is far higher but the electrode must be 1:5 to 2 mm. below the 
surface. Stimulation of the motor area in the hind-limb region produces 
the same kind of after discharge but this time localized to the lobulus 
centralis, and stimulation of the motor area for the face produces it in 
the lobulus simplex. 

The localization can be established most clearly by ear but it can be 
checked by photographic recording, for each outburst produces a large 


siet 


potential wave in the appropriate cerebellar area. In other areas the waves 


Apes 


are much smaller and are not localized in depth (fig. 14). 


Similar results are obtained by stimulating the motor cortex with strych- 
nine or picrotoxin applied locally. A solution of 0:1 to 0°5 per cent. strych- 
nine or a crystal of picrotoxin sets up high-frequency outbursts of impulses 
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all but a small median strip in the anterior lobe and lobulus simplex 
extending laterally beyond the spino-cerebellar areas. They are also 
present in the ansiform lobe and the vermis. How far forward they 
appear is uncertain, as it is difficult to lead from the anterior parts of 
the lobulus centralis when the cerebrum is intact. 

The rhythmic or “grouped” discharges in these areas are clearly due 
to the activity: of the cerebral cortex transmitted by way of the pontine 
nuclei. They are increased by stimuli which tend to arouse the cerebrum 
(e.g. pinching the tail) and are immediately abolished by destruction of 
the contralateral cerebral hemisphere or (in the cat) by destruction of the 
motor area. They are also modified in the same way as the pyramidal 
discharge by stimulation of the motor area with electric shocks or con- 
vulsive drugs. 

The areas shown in fig. 12 have the same position but are somewhat 
less extensive than those determined by Dow by stimulating the cerebrum 
electrically and recording the cerebellar response. This probably reflects 
a less complete examination of the whole cerebellar surface in the present 
work. There is, however, the difference that whereas in the direct 
response to an electric stimulus no relation can be established between 
particular parts of the motor cortex and particular parts of the ponto- 
cerebellar area, in the present experiments it has been a constant finding. 
In the cat there is only indirect evidence of this, but in the monkey some 
at least of the ponto-cerebellar fibres are grouped together to be distributed 
to distinct hind-limb, fore-limb and face regions. These overlap with 
the corresponding regions supplied by the spino-cerebellar fibres. 

Ponto-cerebellar area in the monkey.—The sub-divisions of the area 
in the monkey and their relations with the motor cortex are shown in 
fig. 13. This is based on concordant results from six monkeys. In all of 
them the lobulus centralis was found to be connected with the hind-limb 
region of the opposite motor cortex, the culmen with the fore-limb region 
and the lolwlus simplex with the face region. 

The evidence for this connection is based (a) on the effects of stimula- 
ting the motor area electrically and recording the after discharges in the 
cerebellum and (b) on stimulating the motor area by strychnine or 
picrotoxin. Both methods of stimulation give rise to characteristic dis- 
charges from the motor area and so to recognizable effects in the 

cerebellum. 

(a) After a short period of electrical stimulation of the motor area 
there is usually an after discharge in the pyramidal fibres which is at 
first continuous and then becomes grouped into a series of high-frequency 
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in the pyramidal fibres (Adrian and Moruzzi. 1939) and in the earlier 
stages in the action of the drug a single outburst can be produced by 
sensory stimuli to the appropriate part of the body. With strychnine on 





Fic. 14.—Potential waves in the cerebellum corresponding to after-discharge 
waves from the motor area of the cerebrum. A, record from the lateral part of 
the culmen showing waves following stimulation of fore-limb area of the motor 
cortex. B, record from the same point following stimulation of hind-limb area 
of the motor cortex, 


the hand area, for instance, a touch on the hand will set off the motor 
neurones of the cortex which have been affected by the drug: there will 
be a large potential wave there and the motor neurones will give a short 
burst of impulses at high frequency. If the cerebellum is explored with a 
wire electrode a corresponding outburst will be heard at high intensity 
about 2 mm. below the surface in the posterior part of the culmen and 
not elsewhere. At a later stage the outbursts occur periodically without 
intentional provocation and the localization may then become less definite 
as the drug diffuses into other parts of the motor area. The localization 
can also be established by destroying all but a small part of the motor 
area. In one monkey, for instance, the boundaries between the arm, leg 
and face area of the motor cortex were fixed approximately by mapping 
the afferent discharges in the adjoining sensory cortex. Strychnine 
solution (0°l per cent.) was then applied to various parts of ‘the motor 
area and the cerebellar responses were recorded. Finally, when most of 
the motor area was under the influence of the drug, the hind-leg region 
was removed with a blunt knife. This abolished the cerebellar outbursts 
in the lobulus centralis and the front of the culmen. The motor face 
area was removed and the outbursts were abolished in the lobulus simplex. 
The fore-limb area was then the only part of the motor cortex still 


remaining and the outbursts were only found in the culmen. A _ photo- 
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graph of the brain is given in fig. 15. The cut surfaces of the motor 
cortex have been stained black to show where the excisions were made. 
The remaining arm area is marked with black dots and the region of 





Fic. 15.—Monkey’s brain with parietal and occipital lobe removed on the left 
side to expose the cerebellum. On the right side all of the motor cortex but the 
fore-limb area has been removed (cut surface stained black). The fore-limb 
area is marked with black dots and the part of the cerebellum connected with 
it is marked in the same way. 


the cerebellum where the outbursts could still be detected is marked 
the same way. 

In one experiment an attempt was made to trace the cerebro-cerebellar 
connections in greater detail. Strychnine applied to the upper part of 
the arm area of the motor cortex gave outbursts in the middle and anterior 
convolutions of the culmen and these spread to the posterior convolutions 
when the strychnine was applied to the lower part of the arm area. This 
makes it probable that there is some localization within the areas for 
each limb, as there is in the spino-cerebellar distribution. 

The sensory stimulus employed to set off a strychnine outburst and the move- 
ment aroused by it or by electrical stimulation may complicate the picture by 
sending afferent discharges to the cerebellum along the spino-cerebellar pathways. 
These will be sent to the spino-cerebellar areas and as the areas overlap those of 
the ponto-cerebellar supply the discharges to them might be mistaken for ponto- 
cerebellar discharges. Actually the latter have a characteristic short duration and 
high frequency and there are other ways in which they can be distinguished. Thus 


in one of the experiments with electrical stimulation of the motor cortex all 
possibility of arm movement was prevented by division of the brachial plexus. 
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Again in the strychnine experiments if the hand is tapped repeatedly a spino- 
cerebellar discharge will cccur at each stimulus even though the interval between 
them is half a second or less. The answering ponto-cerebellar discharges cannot 
be produced so often and occur at every second or third stimulus at a short but 
distinct interval after the spino-cerebellar. Their occurrence can scarcely be due 
to twitching of the limb since this rarely happens (in an animé il under dial) until the 
strychnine effect is well advanced. The separation of the two discharges may be 
seen in the records (from a cat) given in fig. 16. 





Fic. 16.—Potential waves from the culmen (cat) oo application of strych- 
nine to lateral (fore-limb) part of the motor cortex. A, the hind- foot is ti ipped. Only 
— waves are seen. B, the fore-foot is tapped. "hoch stimulus gives a double 
wave (spino- cerebellar discharge followed by ponto-cerebellar). C, after decerebra- 
tion. The fore-foot is tapped and each stimulus now gives only a single (spino- 


cerebellar) wave. 


Cat.—In the cat the motor area of the cortex is too small to allow much 
localization of the stimulus if this is an electric shock or a convulsive drug. 
In certain conditions, however, a localized activity in the motor area can 
be produced by a sensory stimulus. Thus in the period immediately 
following the application of strychnine to the motor area a touch on the 
fore-foot will produce an outburst from the fore-limb part of the motor 
area but not from the hind-limb part. The outburst which appears in the 
cerebellum is then restricted to the culmen and in that region there will 
be two potential waves, the first due to the arrival of the sensory discharge 
by the spino-cerebellar pathway and the second to the answering ponto- 
cerebellar outburst. Elsewhere in the cerebellum occasional outbursts 
appear due to the spontaneous strychnine discharges from parts of the 
motor cortex which are not affected by stimulating the fore-foot. The 





16 show the double wave effect. 





records in fig. As in the monkey this can 
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occur at a stage when there is no obvious movement of the limb. Though 
scarcely conclusive the result would be difficult to explain unless there 
were the same kind of ponto-cerebellar localization in the cat as in the 
monkey. 


Discussion.—Part I. 





\ The results so far described are summarized in the diagram in fig. 17 
which shows the spino-cerebellar and ponto-cerebellar pathways concerned 
with hind-limb, fore-limb and face. The pathways for the face are shown 


MOTOR AREA | | 


| Face 


Fore Limb 


Hind Limb 5 


Fic. 17.—Pathways to the cerebellum concerned with 
hind-limb, fore-limb and face. 


by dotted lines as they have not been found in every animal. The 
receiving areas in the cerebellum have been given in figs. 4, 8 and 12. 
It is to be noted that the ponto-cerebellar area extends out laterally well 
beyond the corresponding spino-cerebellar area and that there is also a 
considerable part of the ponto-cerebellar area which does not seem to be 
specificially related to particular regions of the body. 

The connections of this lateral and posterior part of the ponto-cerebellar 
area have not been examined in detail but so far no one part of the cere- 





bral cortex has been identified as leading to them. In fact figs. 4, 8 and 





12 show where certain discharges are sent but are not to be taken as the 
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outcome of an exhaustive search for all kinds of afferent discharge over 
the whole surface of the cerebellum. 

The existence of such a well-defined receiving area in the anterior 
lobe makes it unlikely that the body and limbs are extensively connected 
with other regions of the cerebellum, but the arrangement may vary with 
the animal. In the rat, for instance, Dow and Anderson (1942) find action 
potentials in the pyramis from proprioceptor stimulation. As it seemed 
possible that a species difference might explain the apparent contradiction 
between Connor’s results and these, the cerebellar areas were mapped in 
two dogs and one goat to supplement the observations on cats and monkeys. 
In all three animals dorsiflexion of the fore-foot produced discharges in 
the posterior half of the culmen, as in the cat and monkey. In the goat 
and in one of the dogs discharges from the hind-limbs were not located, 
but in the other dog they were found in the lobulus centralis in the normal 
position. In these animals the receiving areas were smaller and more 
dificult to find, but there were no signs of any reversal of the position of 
fore and hind-limb areas. 

Although such evidence may be misleading, it is interesting to compare 
the size of the cerebellar receiving area for the monkey's fore-limb, which 
is used for skilled movements, and the area for the fore-limb of an animal 
which uses it mainly for support and locomotion. Fig. 18 shows the size 
of the culmen in a monkey and in a pig more than ten times its weight. 


The difference between the monkey and the dog, though not so great, 


is still considerable. 


MONKEY 





a | 


Icm. 
Fic. 18.—Cerebellum of monkey (3-2 kilo.) and pig (45 kilo.) drawn to same 


scale. The culmen (fore-limb region) is cross-hatched to show the difference in size. 


In these experiments the existence of visual, auditory and vestibular 
receiving areas has not been investigated, but in two cats a definite response 
to click stimulation of the ear was found in the lobulus simplex near 
the mid-line. This agrees with the localization described by Stowell and 
Snider (1942). 
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Parr Il.—Tue Acriviry or THE CEREBELLAR CorTEX IN RELATION TO 
AFFERENT DISCHARGES. 

If the cerebellum is well supplied with blood a surface lead shows a 
constant electrical activity which is quite unlike that of the cerebrum. 
It takes the form of a potential oscillation with a frequency between 150 
and 250 a second (fig. 19). The changes of potential are of the order 
of 20 wv. and are therefore small compared with the slower cerebral 
waves, but it is the high frequency varying over a relatively small range 


which makes the cerebellar activity so characteristic. 





Fic, 19.—Cerebellar waves recorded from the surface of the cortex. A, decere- 
brate cat. No stimulus. Wave frequency 160 per sec. B, monkey under dial. 
Cerebrum intact and giving ponto-cerebellar discharges. Wave frequency averages 


230 per sec. 


These small, rapid cerebellar waves were described by Adrian (1935) 
and examined more thoroughly by Dow (1938). They are evidently due 
to the neurones of the cerebellar cortex for they are increased by electrical 
stimulation and abolished by cutting off the blood supply. In fact they 
seem to be even more sensitive to changes in blood supply than are the 
cerebral waves, though a quantitative comparison is impossible Dow 
has shown that they are closely linked with the actual working of the 
cerebellar mechanism, for in a decerebrate cat the increase in size and 
regularity due to electrical stimulation goes hand in hand with a 
diminution in extensor tone, and the period of reduced wave activity 
which may follow the increase goes hand in hand with the extensor 
rebound. It is therefore reasonable to suppose that the waves express an 
activity one result of which is an inhibition of the postural mechanism of 
the brain-stem. 

In these earlier studies sensory stimuli to the limbs appeared to be 
without effect on this activity. The present work has shown, however, that 
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in suitable conditions an increase in the waves of the cerebellar cortex 


can be detected whenever afferent discharges reach it from the limbs. 
If the cortex is already very active a local increase may be hard to see 
and this, combined with the lack of knowledge of where to look for it, 
probably explains the earlier failures. Whether ponto-cerebellar dis- 
charges have the same stimulating effect is less certain since they are less 
under experimental control, but the evidence is not against it. 


METHOD. ~ 


Most of the work on the cerebellar response has been done on cats 
decerebrated under ether. The cerebellar waves are not much reduced by 
moderate anesthesia (chloroform and ether as well as the barbiturates) 
and are not appreciably slowed in frequency, but unless the cerebrum is 
out of action discharges from it, relayed by the pontine nuclei, will be 
constantly arriving in the cerebellar receiving areas. These pontine dis- 
charges may be altered, to an uncertain extent, by sensory stimull, 
and in any case pontine discharges will obscure the effects of spino- 
cerebellar since the arrival areas overlap. 

The decerebrate preparation avoids this complication but introduces 
another. The rigidity will furnish a constant stimulus to many of the 
proprioceptor endings and passive movements of the limbs may produce 
reflexes which will alter the distribution of the stimulus. To overcome 
this curare has been used in some preparations and in others the records 
have been made during the period of diminished rigidity which occurs 
from time to time if the animal is undisturbed. As a rule a cotton wool 
lead has been applied to the surface of the cerebellum: with a wire elec- 
trode in the cortex there is more risk of confusing the wave response with 
the discharge of afferent impulses which causes it. 


RESULTS. 

A few records of the characteristic cerebellar oscillation have been 
made from monkeys, but all the observations on the effect of afferent 
discharges have been on cats. Typical records are given in fig. 20. They 
are from two animals and are chosen to show the varying amount of cere- 
bellar activity which may form the background to the effects of a stimulus. 
In fig. 20 A the waves are scarcely evident at first and pressing the foot 
causes an obvious increase. In fig. 20 B there is already so much activity 
that the effect of the stimulus is not nearly so clear, but there is in fact a 
rise in frequency from 180 to 220 a second. 
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Fic. 20.—Effect of an afferent discharge on the cerebellar waves. A, decerebrate 
cat. Record from posterior part of culmen on pressing fore-foot. Frequency rises 
to 240 per sec. B, another preparation. Frequency rises from 180 to 220 per sec. 


If these records are compared with those of the afferent discharge 
(fig. 3) it will be seen that the cerebellar waves are far more regular and 
that they vary over a much smaller range of frequency. Unless pre- 
cautions are taken, a record of an afferent response will often show a 
mixture of waves and afferent impulses, but they can be separated without 
difficulty for the waves are easily suppressed and the impulses are unob- 
trusive if a surface lead is used. 

The increase in the waves is most marked when the activity is not 
very great to begin with. If the cerebrum is intact and is sending 
repeated discharges by way of the pontine nuclei a sensory stimulus is 
often without obvious effect on the cerebellar waves: but as the cerebellar 
cortex is already receiving the pontine discharges it is difficult to be sure 
that the spinal discharges add nothing more. In the decerebrate pre- 
paration, however, the cerebellar waves have always shown some increase 
on the arrival of an afferent discharge. The stimuli which are effective 
are those already listed in Part I as producing spino-cerebellar discharges. 
The possibility that some afferent discharges might cause inhibition 
instead of excitation has been kept in mind, but no inhibitory effects have 
been found. 

The excitatory response is a rise in frequency up to the maximum 
value (about 300 a second) and an increase in regularity. It begins as 
soon as the stimulus is applied. In some preparation it may last no more 
than a second and the response seems to be easily fatigued with repetition 
of the stimulus. In others a brief stimulus has started a long period of 
increased cerebellar activity, but this has only appeared in animals with 
pronounced rigidity and may have been due to a lasting increase in 


extensor tone. 

















AFFERENT AREAS IN THE CEREBELLUM CONNECTED WITH THE LIMBS 311 


in the waves and if the conditions become still more unfavourable the 
cortical response will fail leaving only the message in the afferent fibres. 
Widespread reflex effects would certainly produce widely dispersed 
spino-cerebellar messages, but the cerebellar spread has been recorded in 
animals which showed no obvious change in posture or rigidity. Again 
reflex effects would be likely to affect the contralateral as well as the 
ipsilateral limbs, whereas in the cerebellum there has been little spread 
across the mid-line. Thus the evidence, though not absolutely conclusive, 
is very much in favour of the view that an afferent discharge produces 
an increased activity in the cerebellar cortex which is greatest at the 
point of arrival of the discharge but spreads out some distance from it. 
This spread may explain some of the divergent results which have been 
obtained and must certainly play an important part in the working of 


the cerebellum. 


The initial wave of the cerebellar response-—The increase in the size and 
frequency of the small rapid oscillations is best observed with stimuli like pressure 
or limb movement which give afferent discharges lasting for several seconds. If 
the stimulus is a sudden tap on the foot the response is a much larger initial wave 
followed by a variable increase in the rapid oscillations. Examples of this initial 
wave response have been given in fig. 16. 

The large initial response to an abrupt stimulus is presumably of the same type 
as the wave produced by stimulating a limb nerve electrically, for both are due 
to a sudden afferent volley. Careful studies of the response to nerve stimulation 
have been made by Dow (1939) and by Grunfest and Campbell (1942). Since the 
wave in this case appears over a very wide area it seems likely that there is a 
spread of excitation through the cerebellar cortex as there is. with the small 
rapid waves. In the present experiments with mechanical stimulation of receptors 
the initial wave has been too variable in size and form to give much information 
and it has been difficult to decide how much of the potential change is due to the 
afferent fibres and how much to the neurones of the cerebellar cortex. An afferent 
discharge in the cerebrum will produce a considerable potential change after the 
cortex has been destroyed and the white matter exposed, and large waves can also 
be recorded by an electrode in the fibres of the pyramidal tract. These waves 
are probably due to electrotonic effects spreading down the nerve fibres, since their 
contour seems too smooth for them to be merely the sum of a number of axon 
spikes. If similar electrotonic effects are produced in the afferent fibres of the 
cerebellum the initial wave is probably compounded of them and of the subsequent 
response of the cortex. But no attempt at analysis has been made since the changes 
in the rapid waves seemed to give a much clearer picture of the cerebellar reaction 
to an afferent discharge. 


Discussion.—Parrt 2. 


As far as the potential oscillations are concerned the effect of an 
afferent discharge on the cerebellar cortex differs little except in time 
scale from the effect of one on the cerebrum. In the cerebrum the 
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Localization of the cerebellar response.—In decerebrate preparations it 
is difficult to ensure that a localized sensory stimulus will not cause 
widespread reflex effects. If these occur the initial afferent message to the 
cerebellum will be followed by further messages from other parts of the 
body and the cerebellar activ ity will be aroused over a wide area. But even 
in curarized animals or those with little rigidity the increased activity 
seems to cover a larger area than that in which the afferent discharge can 
be detected. This is illustrated in fig. 21 which shows the response from 
the left fore-leg area (posterior part of culmen) on stimulating (a) the left 
forefoot, (b) the right fere-foot and (c) the left hind-foot. The response 
is greatest in (a) and scarcely detectable in (b), but there is a definite 
increase in (c) although the afferent discharge is then arriving in the hind- 
foot area 3 or + mm. away from the point to which the recording electrode 
is applied. Similar results have been found in all preparations where the 
cerebellar waves were well developed. The maximum effect has always 
been in the appropriate region, e.g. the fore-foot area when the fore-foot 
's pressed, but the increased cerebellar activity spreads into other regions. 
For this to occur the cortex must be in good condition. After a fall of 
blood-pressure or a dose of nembutal there may be only the local increase 





Fic. 21.—Decerebrate cat, response from posterior part of culmen of left side. 
A, stimulus to left fore-foot (dorsiflexion). B, stimulus to right fore-foot. C, stimulus 
to left hind-foot. D, stimulus to left fore-foot again. 
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distributed uniformly to the whole receiving area but are concentrated 
at points which have a fixed anatomical relation with the different parts 
of the body. The cortical excitation spreads out from these points but 
the main foci of activity would show where the messages had been 
dispatched. 

On the efferent side the position is much less satisfactory. A few 
attempts have been made to record the discharges in fibres from the 
dentate nucleus but without much success. In any case we are faced 
with the apparent contradiction between the afferent arrangement as 
shown in the foregoing results and the efferent as shown in Connor's 
ablation experiments. These were made on dogs, cats and monkeys and 
gave clear symptoms of defective cerebellar control over the hind-limbs 
when the culmen was excised and over the fore-limb when the excision 
was further forward, in the lobulus centralis. Although Connor's papers 
were published in 1941 most of the present experiments were made in 
ignorance of his work, but the localization found in them has been 
checked repeatedly. It is difficult to believe that the region controlling 
the hind-limb is posterior to that controlling the fore-limb when sensory 
messages from the hind-limb arrive in a region anterior ‘to that for 
messages from the fore-limb. For the present, however, this seems to 
be the only conclusion justified by the evidence. 

Until it has been confirmed or some other explanation found it is 
useless to speculate as to the way in which the cerebellar mechanism 
performs its function. Clearly afferent discharges from a limb will cause 
a local increase in cerebellar activity and discharges to the limb from the 
motor area of the cerebrum will cause increased activity over a wider 
area in the same part of the cerebellum. The increased activity is likely 
to produce a temporary lessening of extensor tone, but if these results and 
Connor’s are both to be taken at their face value it would seem that a 
motor discharge for the fore-leg would cause diminished extensor tone 
in the hind-leg and vice versa. It is possible that this kind or co-ordina- 
tion is in fact one of the results of cerebellar activity. To prove or 


disprove it, however, will involve more evidence than we have at present. 


CONCLUSIONS. 
(1) Afferent discharges reaching the cerebellum by the spino- and 
ponto-cerebellar pathways can be recorded with a wire electrode at a 
depth of about 1:5 mm. from the surface. 


(2) The areas receiving these discharges agree in general with those 
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frequency of the waves is lower and can vary over a wider range, but as 
in the cerebellum the afferent discharge causes an increase in size. 
frequency and regularity. The likeness is particularly striking when the 
cerebrum is anesthetized with chloroform or ether. These anzsthetics 
cause an initial increase in cortical activity which appears as a series of 
potential oscillations with a frequency of 30 to 60 a second; on afferent 
stimulation the rates rises to as much as 90 a second, declining gradually 
if the stimulus is prolonged (cf. Adrian, 1941). Fig. 22 A illustrates the 
cerebral response under ether and might be mistaken for a cerebellar 
record (cf. fig. 22B) were it not that in the latter the speed of the recording 
surface is considerably faster. The likeness is less pronounced in a 
brain anzsthetized with dial or nembutal for then the waves of the 
cerebral cortex are much slower and the afferent discharge may have much 
less effect on them. 





Fic. 22.—Comparison of cerebral wave response under ether anzsthesia with 
cerebellar response. A, record from sensory area of cerebral cortex in a cat under 
ether. Stimulus (pressing foot) causes a rise in frequency from 45 to 80 per sec. 
B. decerebrate cat without anesthetic. Record from culmen of cerebellum. 
Stimulus (dorsiflexion of foot) causes a rise in frequency to 190 per sec. 


Thus the characteristic feature of the rapid cerebellar oscillations is 
not that they are uninfluenced by afferent discharges or influenced in 
some unusual way, but merely that the frequency is unusually high and 
the range of variation unusually narrow. Apart from this difference the 
cellular mechanism of the cerebellum seems not unlike that of the cere- 
brum. Both are activated by messages arriving from the periphery by 
more or less direct pathways and also by rhythmic discharges which 
continue indefinitely, from the thalamus to the cerebral cortex and from 
the cerebrum and pons to the cerebellar. A further important likeness 
is that dealt with in Part I, namely that the sensory messages are not 
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determined by Dow using a slightly different technique, but with the 
present method it is possible to make a detailed map of the regions con- 
nected with different parts of the limbs and body. 

(3) In the cat and monkey spino-cerebellar discharges from the hind- 
limb arrive in the lobulus centralis on the same side. Discharges from 
the fore-limb arrive behind them in the culmen and in some animals 
discharges from the vibrissee of the snout are found still further back 
in the lobulus simplex. This arrangement is the reverse of that described 
by Connor for the efferent connections of the cerebellum as the result 
of ablation experiments. The afferent areas for the different limb seg- 
ments are in the order hind-foot, leg, hip, shoulder, fore-arm, fore-foot. 

(+) Records of the afferent discharge in single units differ very little 
from records made from peripheral nerve fibres. Some discharges come 
from rapidly adapting tactile receptors, but the commonest are from 
pressure receptors in the feet and receptors in joints and muscles. 
Dorsiflexion at wrist or ankle combined with pressure on the palmar or 
plantar surface is a most effective stimulus. A single afferent unit in 
the cerebellum may be connected with receptors as far apart as toe and heel. 

(5) Ponto-cerebellar discharges to the lobulus centralis, culmen and 
lobulus simplex are derived from the hind-limb, fore-limb and_ face 
regions of the motor cortex. The receiving areas overlap those for the 
spino-cerebellar discharges. extending further out laterally. Discharges 
from the cerebrum can be detected in other parts of the cerebellum 


(e.g. the ansiform lobules) but their exact origin has not been traced. 


(6) The intrinsic activity of the cerebellar cortex is shown by small 
potential waves of high frequency (150 to 250 per second). These are 


increased in size and frequency by afferent discharges. The increase is 


greatest in the region of arrival of the discharge, but there is some spread 


of the effect, so that a stimulus to the hind-foot may cause a slight 
increase in the activity of the fore-foot area (culmen) as well as a much 
larger increase in the lobulus centralis. 

(7) In two dogs and one goat the localization of afferent discharges 
in the cerebellum agreed with that found in the cat and monkey. Thus 
the difference in the efferent arrangement found by Connor cannot be 
due merely to a species difference and further work must be done before 
conclusions can be drawn as to the neural mechanism of the cerebellar 
cortex. In general, however, the response of the cerebellar neurones to 
afferent impulses is not very different, except in time relations, from that 


of the neurones of the cerebral cortex. 





AFFERENT AREAS IN THE CEREBELLUM CONNECTED WITH THE LIMBS 
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THE CHEMISTRY OF CEREBRAL TUMOURS AND OF 
CEREBRAL CYST FLUIDS.’ 


BY J. N. CUMINGS, 


(From the Biochemical Laboratory, National Hospital, Queen Square, 
London, and a Neuro-Surgical Unit, E.M.S., Sector 9.) 


LirrLe attention has been paid to the chemical nature of the fluid in 
cerebral cysts, and to the method of its formation. However, Stern (1939) 
investigated some chemical constituents in cerebral cyst fluids and found 
no relationship between the amount of the substances found and the nature 
of the tumour. He further suggested that the fluid is most probably a 
transudate derived from the blood, but no examination of the composi- 
tion of the tumours was made. 

This paper describes a further investigation into the chemistry of cere- 
bral cyst fluids and also of cerebral tumours and the bearing the results 
obtained have on the method of formation of cyst fluid. 


MATERIAL AND METHODs. 


Forty-seven cases of cerebral and five cases of spinal tumour have been obtained 
at operation and examined chemically and _ histologically. Water content was 
obtained by drying the tumour at 110° C, to constant weight, and on the dry tumour 
potassium, sodium, chlorides, and phosphorus were estimated by methods used 
in previous work (Cumings, 1942) and calcium by Kramer and Tisdall’s method. 

A second series of thirty-eight cerebral tumours were examined to determine 
the amounts of nucleo-protein, phospholipoid and acid soluble phosphorus present. 
A technique, as used by Tuttle, Erf and Lawrence (1941), was utilized in which 
the phosphorus content of each fraction is estimated and the results are recorded 
as the amount of phosphorus present in each of those three fractions in the tumour. 

Twenty-six cases of cerebral cyst fluids and one case of fluid from a subdural 
hematoma were then examined in a manner similar to that performed on the 
second series of tumours. 


RESULTs. 

Table I shows the results obtained in the first series of cerebral tumours. 
There is a fair amount of variation in the amounts of the various sub- 
stances although the range is on the whole not very wide. It is noticeable 
that all except two out of twenty-one astrocytoma have a water content 
of about 80 per cent. or a little more, and that two out of seven meningioma 
show considerably less (67:1 per cent. and 69:1 per cent. of water), although 


' My thanks are due to the National Hospital Research Fund for an expenses grant. 
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FLUIDS 


CHEMICAL COMPOSITION OF CEREBRAL TUMOURS 


TABLE I, 
Potas- 
Water sium 
86-2 0-3 
78-3 0-24 
81-3 0-2 
83-9 0-38 
85-5 0°55 
82-4 2°5 
80-9 0-61 
0-76 
79-1 0-81 
89-3 2-9 
61-7 3°12 
77°3 1-13 
83-5 0-58 
86-0 0-83 
85-1 1-9 
82-5 2-09 
84-7 1-9 
86-3 0-99 
87-7 0-68 
87:5 0-77 
57:3 0-68 
78-4 0-86 
87-2 1-34 
83-3 1-21 
85-5 1-04 
83-2 0-75 
84-7 1-7 
83-7 2-4 
84-2 0-69 
81-6 0-63 
83-9 0-74 
88-6 1-83 
90-2 2-1 
80-8 0-29 
67°5 1-3 
86-3 1-0 
83-8 2-16 
83-5 0-77 
67-1 1-09 
69-1 1-49 
77-6 3-06 
66-9 0-78 
75-9 1°65 
69-4 0-85 
81-2 0-71 
77-0 0-58 
88-0 2-2 
79-3 0-87 
52°8 0-95 
75-8 0-62 
65-7 1-78 
72-0 0-56 
72°2 0-35 


BRAIN—VOL, 


Chlor- Phos- Cal- 
Sodium ides phorus cium 
1-11 2°51 1-68 0-76 
0-91 1-95 1-29 0-45 
1-39 3-82 1-14 1-15 
1-64 3-69 0-78 1-06 
2-27 2-71 0-85 0-9 
1-46 1-8 1-35 0-81 
3:7 5:7 0-7 0-22 
1-8 3-9 0-68 3-91 
0-88 0-78 1-47 0-43 
3°22 4-1 1-77 0-93 
4-81 6-03 0-55 1-2 
2-07 2-4 1-87 0-46 
1-77 3°7 1-27 0-56 
1-56 2°5 2-18 1-78 
1-68 2:8 0-8 0-22 
2-93 2-0 1-48 0-52 
2-3 2:2 0-61 0-14 
2-56 2-2 0-6 0-22 
0-75 2-4 0-76 0-16 
1-4 4-12 0-56 0-27 
1-43 0-58 1-67 0-7 
2-0 2-86 0-62 2°21 
1-34 2°51 1-68 0-41 
1-8 0-94 1-5 0-32 
1-1 1-9 1-8 ()-72 
0-65 3-6 0-61 1-06 
2-2 3°17 0-75 4°] 
1-04 3-1 0-31 0-26 
1-15 1-85 1-18 0-48 
1-36 1-09 0-93 0-95 
1-42 0-74 0-75 0-18 
0-76 1-07 2°7 2-8 
1-83 2-08 1-12 0-35 
1-44 4-54 0-67 0-74 
1-05 1-13 1-2 0-2 
1-33 1-3 2-03 1-7 
1-15 0-85 2-8 0-14 
0-92 3-06 1-20 0-34 
2:28 1-98 1-6 6-7 
1-85 1-O1 0°75 2°56 
0-95 1-68 0-44 1:1 
0-59 0-92 0-6 2-04 
2°12 2°19 0-81 1-02 
3-08 1-97 0-91 
1-99 2-9 1°35 0-58 
1-41 1°35 0-68 0-29 
1-24 1-83 1-1 2-03 
1-1 2-03 2-56 0-19 
1-89 3-48 0-57 1-27 
0-31 0-76 4-2 11-0 
1-59 2-53 0-22 26 
0-86 1°54 0-24 0-38 
2°17 2-09 0-69 0-83 


All vesults in gym. per cent. 


Histological native 
of tumour 
Astrocytoma-necrotic 
Astrocytoma 


-necrotic 


-necrotic 


necrotic 


Glioblastoma 


» 
Myxopapillary epen 
dymoma-spinal 


Ependymoma 


Oligodendroglioma-spinal 
Oligodendroglioma 
Medulloblastoma 
Meningioma 


Pituitary acidophil 
adenoma 
Pituitary chromophobe 
adenoma 


, 


Neurofibroma 


Adamantinoma 
Chordoma-spinal 
Osteoclastoma-spinal 
Carcinoma 2nd to lung 
Carcinoma 2nd to kidney 


Renal carcinoma 
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rather surprisingly the majority contain a water content as high as the 
astrocytoma. The one medulloblastoma contained more water (90:2 per 
cent.) and the pituitary tumours tended to show rather less water than 
other tumours. The lowest water content was found in a spinal chordoma. 

Two tumours, one an astrocytoma and the other an acidophil adenoma 
of the pituitary, showed potassium figures of over 3 per cent., and it may 
be of interest that this astrocytoma also showed a low water content. Three 
of the five glioblastomatous tumours showed a level of phosphate above the 
average, as also did an osteoclastoma and an adamantinoma. A raised 
phosphate level was also found in seven astrocytoma and four of them were 
degenerate tumours macroscopically and microscopically. These findings 
suggest that a raised phosphate level may be associated with tumour 
degeneration or possibly the incorporation in the tumour of degenerating 
cerebral tissue, although in most cases this latter possibility is unlikely as 
the histological appearances are not in agreement. It is of interest that 
secondary carcinomata show a relatively low phosphate content. As 
Stern found a high level of calcium in a cyst fluid from one oligodendro- 
glioma, it is of interest that a raised level of calcium was found in examples 
from almost all types of tumour and it seems certain that any tumour 
may show areas of calcification and that as a result any tumour may 
therefore show a raised calcium level. A specially raised content however 
is seen in such a tumour as an osteoclastoma (11 per cent.). 

The contents of sodium and chloride in the various tumours show no 
particular features. 

The results obtained in the second series of tumours are shown in 
Table II which gives the water content as well as the distribution of 
phosphorus. The content of phosphorus as acid soluble phosphorus repre- 
sents the bulk of the phosphorus present in the tumour and varies from 
tumour to tumour, although the glioblastomatous group show slightly 
raised levels. 

The amount of nucleo-protein as indicated by the phosphorus content 
is small, although it is present in most tumours, and it no doubt varies 
according to the cellularity of the tumour. Hence it is not surprising 
to find the highest figures in a tuberculoma and in a medulloblastoma. 
The amount of phosphorus found in association with the phospholipoids 
is small in all tumours although seven of the tumours show a definite 
amount, and one of these tumours was a neurofibroma. It would seem 
that the presence of phospholipoids in tumour tissue is most probably due 
to the incorporation in the tissue examined of some brain tissue or possibly 


to necrosis of the tumour. 


(xem eae 








ane ls iin dl alsa neem 


G 


: 





THE CHEMISTRY OF CEREBRAL TUMOURS AND OF CEREBRAL CYST FLUIDS 319 


TABLE II.—PHOSPHORUS IN CEREBRAL TUMOURS. 


Acid Nucleo- Phospho- Histological nature 
Name Wate soluble protein lipoid »f tumour 
Tu 87:7 0-76 0-16 0 Astrocytoma 
St 87-5 0-72 0-15 Trace : 
We 85-4 0-77 0-18 0 
Ba 0-67 0:07 Trace 
Ri 92-3 0°73 0-12 Trace 
Wat 82-3 0-49 0-04 0-1 
Al 82:1 0-81 0-13 0-05 
Wal 52-7 0-87 0-13 Trace 
Ke 77°3 0-97 0-12 Trace 
Dr 80-2 0-54 ()-2 0 
Li 90-0 0-74 0-11 0 
Fo 83-2 0°56 0-04 0 x 
Bu 85-5 1-03 0-15 0 Glioblastoma 
Red 83-2 1-97 0-15 Trace 
Rer 83-4 0-84 0°13 0-27 
Ar 89-5 1-12 0-29 Trace 
Ro 61-0 0-7 0-1 0 
Pa 0-75 0-09 0 
Ki 80-9 0-9 0-1 0 ~ 
La 81-6 0-6 0-17 0-1 Ependymoma 
Kn 78-4 0-66 0-25 0 Medulloblastoma 
Fi 74:9 0-93 0-2 Trace FP 
Go 83°5 0-89 0-05 Trace Meningioma 
Mi 57-9 0-8 0-12 Trace 
A] 76:4 0-7 0-16 0 
Hu 83-9 0-45 0-08 Trace 
Ha 72-0 1-0 0-13 Trace 
Pa 76°3 0:42 0-23 0 
Haw 736 0-77 0-1 Trace 
Te 74-3 N-82 0-13 0 
Pa 83-4 0-96 0-06 0-08 - 
He 84-0 1-2 0-22 0 Pituitary chromophobe adenoma 
De 83-0 0-52 0-11 0-15 Neurofibroma 
Co 71-9 0-48 0-09 Trace ‘a 
Wi 76:9 0-61 0-09 Trace Ganglioneuroma 
Je 86°5 0-51 0-06 0-08 Hzemangioblastoma 
Fi 84-3 0-43 0-25 Trace Tuberculoma 
Go 79-0 0-78 0-08 0 Secondary carcinoma 


All vesults in gym. per cent. either as water ov.as phosphorus. 


The chief interest in the amounts of phosphorus-containing substances 
in tumours is in their comparison with the results obtained in cyst fluids 
examined in like manner. The results of such examinations of cerebral 
cyst fluids are in Table III. 

Some rather unexpected results were found. Nearly all of the cysts 
showed a high concentration of phosphorus as acid soluble phosphorus, 
and the amount obtained is seen to be higher than the amount of inor- 
ganic phosphate found in the blood serum. There is some variation in the 
group of astrocytomatous cysts which is the only sufficiently large group 
for comparison. However, the cyst found in a pituitary chromophobe 
adenoma contains only a small amount of acid soluble phosphorus and 
this would appear to be more nearly comparable to the blood level. 
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raBLeE II] PHOSPHORUS IN CEREBRAL Cyst FLUID. 


lcid Nucleo Phospho- Histological nature 
Vame soluble protein lipoid of tumouy 
St Ist specimen 9-8 Trace 0 \strocytoma 
St 2nd specimen 10:5 Trace 0 
Ba 7°95 l'race 1-0 
Ri 6-4 9-1 0 
Ju 4-7 [race lrace 
Wo 6:8 0-6 0-9 
Ju 7-5 1-0 1-6 
Wa Ist specimen 6-3 1-35 1-7 
Wa 2nd specimen 5-66 1-05 0-93 
En 6:1 0-88 1-08 
Wi (Right 6:8 1-55 1-01 
Wi (Left 6-0 2-9 0-9 
Pe 11-0 9.5 0 
Pa 4-7 5-0 0 
Per 5-0 2-2 2-25 
Li 1-3 0 1-2 
Pe $-1 0 0 
C1 6-6 0-16 0-33 
Me 9-0 0 0 PF 
Mo 4°35 0-76 1-9 Glioblastoma 
Pa 12-0 5-0 2-4 - 
Fi 5:4 1-25 2:8 Medulloblastoma 
Br 2-9 2-25 0 Pituitary chromophobe 
adenoma 
Ho 13-3 1-6 0 Suprapituitary tumour 
Pa 12-2 3°96 0 Unknown 
Ha 9-2 lrace 0-57 Unknown 
\n 6-6 Trace 0 Subdural hematoma 
fluid 


Results in mgm. per cent. 


A fair amount of nucleo-protein is present in almost all cysts, a few 
astrocytomatous cysts contain little such phosphorus and these usually 
contain little phospholipoids as well. Such cysts containing little nucleo- 
protein or phospholipoids are most probably caused by haemorrhage into 
the tumour with subsequent passage of fluid into them from the blood. 
This however is only rarelv seen. 

A moderate amount of phospholipoid is present in most cysts with 
however some exceptions of which the most important are those cysts in 
association with a pituitary adenoma and a suprasellar tumour. It is also 
of importance that the fluid from one subdural hematoma examined also 
contained very little nucleo-protein and no phospholipoid. 

It would seem that the formation of fluid and cysts in cerebral tumours 
is complex: in a few in which little or no nucleo-protein and phospholipoid 
is present an initial hemorrhage is the etiological factor, with subsequent 
enlargement from passage of fluid into it from the blood. Even so such 
cysts contain a large amount of acid soluble phosphorus. The majority of 
cysts would appear to be formed by degeneration of tumour tissue, and it 
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may be of brain tissue as well. The amount of nucleo-protein and of 
phospholipoids is strong evidence of such degenerative changes, the nucleo- 
protein being due in the main to the breakdown of tumour cells leaving 
the nuclei relatively intact, whilst the phospholipoid is derived from 
degenerate brain tissue. That this is so can be seen from the fact that 
tumour tissue contained little phospholipoid although appreciable quan- 
tities of nucleo-protein were present, so that the phospholipoid in cyst fluid 
must be derived from brain tissue which is rich in such substances. It may 
he that the high content of acid soluble phosphorus is also due to break- 
down of brain tissye by enzymic action but estimation of such activity 
has not yet been performed. 
SUMMARY. 

A chemical analysis of cerebral tumour tissue and of cerebral cyst 
fluids has been made and its bearing on the formation of such cysts is 
discussed. It is suggested that the results obtained favour the view that 
formation of cysts is usually due to breakdown of tumour and cerebral 
tissue. 

My thanks are due to Mr. Harvey Jackson, F.R.C.S., and Mr. E. B. C. 
Hughes, F.R.C.S.. for their help in obtaining operation material. 
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After-Effects of Brain Injuries in War. By Kurt, Goxpstein, M.D. 
London: William Heinemann, Ltd. Pp. 244. Price 21s. 


Professor Goldstein’s pre-eminence in this subject will make his book welcome 
to many who have no access to his earlier publications. How numerous have been 
his contributions and how considerable his influence, the bibliography and the text 
of the book plainly show. Equally plain, however, are the disadvantages entailed 
by his close adherence at many points to the data he published soon after the last 
war, and by his effort to stress broad principles and generalizations. Many of the 
latter seem now platitudinous, though we owe it largely to Professor Goldstein that 
they have become so whereas once they were ignored. He does not give the details 
of some valuable methods of psychological analysis which he himself introduced into 
this clinical field and which Ward Halstead and others have carried further; nor 
does he sufficiently examine the observations of those in Germany, like Isserlin and 
Feuchtwanger, who laboured in the same vineyard. Even for the beginner the in- 
formation given is insufficiently precise. It would be possible, for instance, to read 
the chapter on “Psychologic laboratory examination” without grasping that the 
most original single contribution Goldstein has made to technical investigation on 
these lines was to show that sorting tests can be applied to the study of impaired 
cognitive function; the reader certainly could not learn from it how to carry out 
any such test, nor what response would indicate that the patient no longer had the 
ability to “abstract” or recognize the common quality in several objects and to 
classify them accordingly. Similar lack of precise statement reduces the value of 
the import: ant final chapter on social adjustment; the fault, not unfamiliar in writings 
on “rehabilitation”, cannot in this instance be attributed to anything but the desire 
to be compendious and simple—Professor Goldstein’s writings over many years have 
shown him to have a thorough and subtle an understanding of the complexity of 
the problems as any man. The danger, however, is that many readers (who may 
already have learnt from Professor Goldstein’s book on “The Organism” what 
general views his pathological and clinical studies have led him to hold) will be left 
unaware of the advances made in the last decade in physiological as well as psycho- 
logical investigation of the disturbances of function due to cerebral damage; no 
guidance, for instance, is offered about the help electroencephalography can, or 
cannot, give, and on the Rorschach test there is only one sentence, vaguely benign. 
Moreover there are a few very dubious statements, much in need of qualification, 
e.g. it is said that “self-exclusion from the world,” as a way of evading an impending 
catastrophe, “plays an important role in the disturbance of consciousness exhibited 
by epileptics.” It is, however, beyond doubt that anyone who deals with the after- 
effects of cerebral injury will find in this book an admirably Coherent exposition 
based on many years of thorough and original investigation. 
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Psychological Medicine. A Short Introduction to Psychiatry, with an 
Appendix, War-time Psychiatry. By DesMoND CuRRAN and ERrRIc 
GuTrMann. Edinburgh: E. & S. Livingstone. 1943. Pp. 188. Price 
10s. 6d. 


This is a plain-spoken, unassuming, sensible primer. The authors have followed 
Dr. Johnson’s injunction that we should clear our minds of cant, and they have 
been robust rather than nice in deciding where psychopathology ends and cant 
begins. Their zest in puncturing balloons is likely to have, on the whole, a salu- 
tary effect on their readers: practitioners and medical students profit by being 
warned, in this unfamiliar territory, against the tacit assumption that any psycho- 
logical explanation that is plausible is therefore acceptable, and that the more un- 
provable the explanation is, the better. But the authors seem at times to have for- 
gotten that Dr. Johnson was overhasty when he supposed that stubbing his toe 
against a stone disproved the Berkeleian theory; students and practitioners should 
likewise beware of concluding that what any person of common sense cannot easily 
apprehend must be nonsense. The greater part of the book is factual and, apart 
from the inclusion of obsessional states among the affective reaction-types, follows 
conventional lines; the style, however, is unconventionally lively and readable. A 
sound middle-of-the-road approach is inculcated. An appendix contains straight- 
forward advice about the recognition and management of mental illness in members 
of the Services; also an excellent, concise chapter on the psychiatric aspects of head- 
injury. Here, and indeed throughout the book, the strong clinical bias of the 
writers is much in evidence, and constitutes the outstanding merit of this useful 
“short introduction.” 
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